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ABSTRACT 

This report is a study of the effect of changing meteorological con- 
ditions on the sonic boan produced during steady level flight. The 
influence of variations in atmospheric temperature, pressure, and wind 
on this noise are investigated. Simplified methods are established for 
estimating the effect of these variations. Combinations of meteorological 
conditions which can produce anomalous propagation such as complete cut- 
off, focusing, and extreme lateral spread are discusseu. The effect or;' 
air turbulence near the ground is considered. A number of comparisons 
with test data measured at Oklahoma City (196M are presented, and recom- 
mendations for additional experimental and theoretical work are outlined. 
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SECTION I INTRODUCTION 

It has been recognized for a number of years that the sonic boom gen- 
erated during supersonic flight would be an important factor in the design 
and operation of a commercial supersonic transport airplane. Accordingly, 
research into the factors which effect the sonic boom have been actively 
pursued by industry and government agencies. Methods for predicting the 
influence of the airplane configuration have been established, and are 
well substantiated with both flight test and wind tunnel data. This ap- 
proach however, is valid only in a homogeneous atmosphere with constant 
meterological properties between the airplane and the ground. 

Until now, considerably less research has been devoted to developing 
an understanding of how an ^rplane's shock waves propagate through non- 
uniform atmospheric conditions. Some methods of analysis have been 
based on acoustic propagation through nonuniform temperature regions. 
Although this is acceptable for predicting shock-wave locations and pat- 
terns on the ground, this approach yields little useful information about 
the shock wave strength under, and to the sids of, the flight track. 
Various correction factors such as the square root of the ratio of the 
ambient pressure at the ground to that at the airplane, \/Pg/ Pa* rave been 
used to account for the effect of the variation in atmospheric properties 
between the airplane and the ground. These are based on approximate 
analysis of acoustic waves. 

A more detailed approach to the problem was taken in Ref. 6. In this 
work the shock waves were assumed to propagate at velocities dictated by 
their strength, and the effect of pressure, temperature, and wind shear 
along the path of propagation was taken into account. An additional 
value of this approach is that it allows solutions of the shock wave 
strength in regions of focusing where the acoustic theory predicts totally 
unreal values. This work is expanded in Appendix II.  It was also pro- 
grammed for a digital computer (Refs. 6 and 83). The lacter computer 
program is available from NASA. 

The theory and method of Refs. 6 through 8 have been used in this 
report to predict variations in overpressure which would occur with 
variations in the atmospheric properties between the airplane and the 
ground. The purpose of this effort was to determine if variation in 
atmospheric properties could significantly influence the boom as it 
propagates between the airplane and the ground. Simplified methods for 
estimating the effect of such variations are established, and are sum- 
marized in Appendix VIII. Comparisons with experimental data are shown 
and recommendations for future work are also outlined. 

The study was divided into investigations of the effects of variations 
of meteorological conditions in the atmosphere, and the effects of local 
turbulence. It has been found that: 
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• Variations in temperature, wind, and pressure can Influence the 
boom strength on the ground. 

• Variations in temperature and wind can influence the lateral distri- 
bution of the boom to the side of the flight track. 

• Variations in temperature and winds can cause anomalous propagation 
such as complete cut-off (no boom heard on the ground), focusing 
(local intensification of boom strength), or extreme lateral spread 
(no cut-off to the side of the flight track). 

• The above effects are significant only at Mach numbers below 1.3. 
• Ijocal turbulence may change the shape of the pressure wave on its 

way to the ground. 

A number of horizontally stratified model atmospheres have been in- 
vestigated. The results of the investigation have indicated that for 
flight at Mach numbers above 1.3 the largest influence of changing 
meteorological conditions on the sonic boom overpressure is generally no 
more than about ±5 percent from that generated in the still (no wind) 
standard atmosphere. For flight at Mach numbers between 1.0 and 1.3 the 
meteorological conditions between the airplane and the ground may result 
in more significant variations in the overpressure. The effect of tem- 
perature variations from the standard temperature-height curve, and of 
various winds is shown in Fig. 1. These results are typical of the type 
found throughout the Investigation. 
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The figure shows that for Mach numbers less than 1.3, temperatures 
lower than standard at the ground generally reduce the overpressure, 
while higher temperatures generally increase the boom. For physically 
real conditions, this variation may be as much as ±15 percent at Mach 
1*2. For Mach numbers less than 1.3, headwinds generally increase the 
boom while tallwlnds and side^nds decrease it. Winds may cause vari- 
ation in the overpressure from that in a still atmosphere (no wind) of 
as much as ±20 percent at Mach 1.3. 

Winds may also cause the overpressure, at the lateral cut-off, to be 
higher than that under the flight track for these low Mach numbers. 
However, the situation in this case is not fully understood becaus« this 
phenomena accompanies cut-off where the shock front is locally normal to 
the ground. This precludes a reflection of the wave from the ground and 
the normal doubling of the free air overpressure assumed in most calcula- 
tions (see Section IlI.D.l). Finally, winds may cause lateral distri- 
bution of the boom over much wider areas than normally predicted. This 
phenomena may occur at all Mach numbers. However, it need cause little 
concern for two reasons. First, the overpressure in the extended region 
drop«; off quite rapidly with distance. Second, it cannot occur if the 
airplane flies at altitudes above those where maximum winds exist. The 
contemplated supersonic flight altitudes for the supersonic transport 
are generally above these maximum winds. 

The influence of local turbulence seems to be that of a distorting 
mechanism which deforms the incoming pressure signature on its way to 
the ground. Initial efforts to describe the deformation process were 
not successful, but the development of a more sophisticated approach is 
continuing. This work is presented, and. the proposed steps for the 
completion of the theory are outlined. Present indications are that 
interactions of the shock waves with certain turbulent "eddies" result 
in a scattering of small portions of the incident wave energy to other 
parts of the wave. This process would lead to rounded signatures at 
some points on the ground ~nd spiked (or very sharp peaks) signatures 
at others. 

A limited amount of the measured data from the Oklahoma City flight 
test series was analyzed statistically. To avoid normalizing the data, 
the analysis considered data measured using the F-1C4A airplane, flying 
at Mach 1.5 at an altitude of 28,000 feet, at times when the cloud cover 
was less than 3/10. The observations were grouped for times near 0700, 
0900, 1100 and 1300 Central Standard Time. Results from this work in- 
dicated that the important scattering parameters are the angle of the 
path of propagation of the shock wave, and the time of day (as related 
to the turbulent intensity). The data indicates that the upper and 
lower bounds of the overpressure of the front shock of a deformed pres- 
sure signature are respectively 2.0 and 0.3 times that for the undeformed 
measured signature.  (The shapes of these signatures are indicated in 
Fig. k2.) 
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SECTION H EFFEC fS OF VARIATIONS IN ATMOSPHERIC PROPERTIES 

Considered in this section, are the effects of various horizontally 
stratified atmospheric models on the sonic boom produced in steady level 
flight. The results .ire presented in two 'categories; i .e.,""effects of 
the standard atmosphere, and effects of variations from the standard at- 
mosphere. Consideration of these effects leads to simplified prediction 
o*" Lu°i influence of variations in atmospheric properties on the sonic 
uoom and, in most cases, will make use of a computer program unnecessary 
for routine estimates of the boom strength. Special cases such as cut- 
off, focusing, etc. are considered in Section III. 

(A) STANDARD ATMOSPHERE - The U.S. Standard Atmosphere, 1962 (Ref. 
1), which forms the basis for calculations of the performance character- 
istics of any airplane configuration, has been used to establish the 
basis of the meteorological effects on the sonic boom. This model is 
representative of the mean atmospheric properties prevalent in the mid- 
latitudes. Boom strength, distribution, and extent on the ground has 
been established for he standard model. 

(1) Sonic Boci Under th« Flight Track - To predict the sonic boom 
strength in a norwiicmo^eneous atmosphere the Whitham theory (Ref. 2) has 
been modified to account for propagation of the shock wave through a 
region of varying density. The correction factor used, which yielded 
relatively close agreement with test data, was a geometric mean pressure 
given by yPa Pg  (Refs. 3 through 5)« This factor was used, to re- 
place the homogeneous ambient pressure used in the Whitham equation for 
the boom strength under the airplane. The Whitham equation may be 
written as shown below; 

where 

K 
ii 

P 
n 

h 

M 

^l Whitham It    a 

(M2-l)1/8   21/4 Y 
,3/4 (Y+l) i/u [/

Y°F(Y,(?)dY] 
1/2 Eq (1) 

= Ground reflectivity factor 

= Ambient pressure at airplane 

= Airplane distance above ground 

- Airplane Mach number 

7 - Ratio of specific heats (l.k  for air) 

J"y"  F(Y. /.'idY = l(Y,0) - functiot of airplane geometry and lateral 
location of the observer (Ref. 2) 
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To account for sonic boom propagation through the atmo- 
sphere, a factor may he applied to this equation which Is a function of 
the atmospheric properties, namely ambient pressure, P , and temperature, 
T , airplane Mach number, and height above the ground. For 6 = — 90° , 
i.«e< under the flight track, Eq. (l) becomes: 

AP-*«.MA=K(P.T.MJOK.P. &£#" -gli|[icr..--«w] 1/1 H»/«   (Y+l)' 

= K(P.T.M,H)AP Wkllhtn 

atmosphere: 
Specializing this for the properties in the standard 

AP—n, m-r MHMM^^s* KA AP^ Eq(2) 

The factor KAis a function of airplane height above the 
ground and Mach number In the Standard Atmosphere. The variation of this 
factor was calculated by the method given in Refs. 6-8 and is shown in 
Fig. 2 for the ground located at sea level. It is compared with the usu- 
al correction factor yPg/Pa. (This is equivalent to yPaPg vhen multi- 
plied by the Pa from Eq. (l).) 

It can be seen that KAand )/Pg/Paare very close at the 
love:- altitudes which accounts for the agreement with the early flight 
test oata. 

Location of the ground above mean sea level will affect 
the variation of KA with height above the ground. This is primarily 
due to the change in ambient pressure at the ground from that at sea level. 
Curves, similar to those in Fig. 2, have been prepared for the standard 
atmosphere with the ground located at 2000, IfOOO, and 6000 feet above 
mean sea level. These curves are presented in Appendix I and may be 
used when the boom is being calculated for areas which are above mean 
sea level« 

Each time the atmospheric properties vary from those in 
the standard atmosphere, the variation of K. ( P, T, M.H) with Mach 
number and height above the ground changes. Generation of a number of 
charts similar to Fig. 2 for every conceivable variation would be a 
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huge task of little value, in that numerous possible combinations exist. 
The problem of accounting for small variations from the standard atmos- 
phere is covered in Section II.B. 

(2) Lateral Distribution of Boom Strength - The lateral distribution of 
sonic boom strength, as given by Whitham (Ref. 2) varies inversely as 
the 3/1* power of the distance from the airplane to the point of the ob- 
server on the ground. In many cases the airplane configuration is such 
that the lateral variation of boom strength is also dependent on the 
variation ofI(Y0, 9 )  with 6.    The combination of these effects is given 
below: 

AP= AP 
I(Y ß ) V/2 

under fit. track 

rH-|3/4r     KYot0>1 

LDJ    [HYO,-90°)J 



where 

H ■ airplane altitude 

D ■ distance from airplane to observer at lateral distance Y from 

flight track - (H 
:+Y2,V2 

• - - tan"1 (H/Y) 

Rearranging this expression so that the right side is independent of the 
airplane geometry: 

AP_ ri(Yot-90")y/2 

APunderflt. tnwk L      KY, FfoSRI- [»«fl 
-3/8 

Eq.   (3) 

The variation of boom strength with lateral distance, as 
computed by the method of Refs. 6-8. is shown in Fig. 3 compared to the 
prediction obtained by using Eq, (3). 

This comparison shows that agreement with Eq. (3) is quite 
close. The maximum differences are less than ±10 percent and eure con- 
fined to the very low Mach number points (M^ 1.2). 

The above results indicate that in the standard atmosphere 
the variation of boom strength with lateral distance may be very closely 
approximated by Eq. (3) with A Puna,, nt. track being obtained by the 
methods of Section II.A.I. The lateral distribution of sonic boom 
strength predicted by this method should be suitable for most routine 
calculations. 
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Fig. 3   Variation of Boom Strengt'.t with Lateral Distance tor U. 5. Standard Atmosphere, 7962. 
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(3) Lateral Extent of Boom Strength -  Temperaiipre   -arlations in the at- 
mosphere will cause the rays, describing the path o£  the shock wave from 
the airplane to the ground, to be distorted. Under ace« circumstances 
certain of these rays will not reach the ground but will be refracted 
back into the atmosphere. It is possible to determine mathti v-ically 
the lateral extent of the boom by determining the lateral location of 
the last ray to reach the ground. This has been done by specifying -hat 
the direction cosine of the shock front at the ground where lateral cut- 
off occurs is equal to unity. The location of the lateral cut-off in 
the standard atmosphere for the ground at mean sea level is shown in 
Flg. k for various airplane Mach numbers and altitudes. 

«3 
•FLIGHT PATH 

i     i  r i      i     i     i     i     i     i 
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NO WIND 

j 
0. 

s 
*p 3 
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II m\\ 

| 
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ALTITUDE -1000 FT 
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Fig. 4 Lataral Location of Sonic Boom Cut-Off In U. 5. Standard Annospnoro, 1962. 

Details of the calculations and a general equation for the 
determination o'f the lateral location of cut-off on the ground for a 
general atmosphere are given in Section II.B.6. 

The location of the lateral cut-off point defines the point 
at which the shock front begins to degenerate. Beyond this point noise 
may be heard as a low rumble. Data from the Oklahoma City flight tests, 
for instance, indicate that the pressure-time trace recorded beyond the 
lateral cut-off location is similar to a sine wave. There is no evidence 
of the sharp pressure rise which is produced by a shock. Thus, beyond 
the location of lateral cut-off the shock front has degenerated into 
something similar to an acoustic noise front. This is illustrated by 
comparing the pressure-time records reproduced in Fig. 5« 
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LU 

a. 

TIME- TIME- 

Fig. 5 Pnssuri-Tin* Tracts Near Lateral Cui-OH. 

At the present time there are no data which indicate the 
rate at which the acoustic noise decays to zero, but the maximum pres- 
sure difference above the local ambient pressure is quite small and the 
pressure rise time is quite large. This should cause little annoyance. 
For practical purposes, then, the lateral cut-off location would define 
the boundary of shock wave noise which would be produced by a supersonic 
airplane. 

(4) Routine Calculation of Sonic Boom in tho Standard Atmosphere -   Once the 
airplane geometry inputs, l'(Yat$) i  (see Eq. (1)) have been established 
for each altitude and Mach number of interest, routine calculations of 
sonic boom strength, lateral distribution, and lateral extent for steady 
level flight in the U. S. Standard Atmosphere, 1962 may be obtained in 
the following manner: 

(a) Compute AP,^ m. tr-ck|from Eq. (2) and Fig. 2 
for each Mach number and altitude. 

(b) Compute lateral distribution of the boom strength from 
Eq. (3) for each Mach number and altitude. 

(c) Obtain the location of lateral cut-off from the curves 
in Fig. k  for each Mach number and altitude, and terminate the lateral 
distribution of boom strength at this point. 
The above method is represented schematically in Fig. 6, and may be 
used for M > 1.2 with relatively good accuracy. 

(B) VARIATIONS FROM STANDARD ATMOSPHERE -    Variations in temperature, 
pressure, and wind in the atmosphere will produce variations in the sonic 
boom strength received at the ground. The effect of seme typical changes 
in atmospheric properties from those in the standard atmosphere model 
are considered in this section. Methods of approximately accounting for 
these influences are presented, and where approximations are not possible 
the importance of the resulting effects are discussed. In most cases 

10 

«BhflM^&ttfir^ 



* wi»«v wrf «"u *w m-\j 

Involving routine calculations it is possible to make estimates of the 
boom strength, lateral distribution, and lateral extent without using 
complex computer calculations. 

III     1     III r-"—'—r- T-T—r~r—i—r—I—I—I— 
STANDARD ATMOSPHERE - 

1 

r *—Al »UNDER FLT TRACK NO WIND, ALTsH 
J ' F( 
/ ■ 1 I | 

mn\.n nu .- «i 

/ 
' 1 1 1 1 

/ 1 1 ■LATERAL DSTRIBUTION- 
EQ(3) 

j^l 1 ! i 

t 

LAItKALWJI-urr 
NG4 

1 s s s 

LATERAL DISTANCE 

Fig. 6  Routine Calculation of Sonic Boom in U. S. Standard Atmosphere, 1962. 

(1) Temperatur« - Atmosphere temperature variations between the 
airplane and the ground will cause the ray path, which describes the 
motion of the shock wave through the atmosphere, to be deformed. In 
general, increasing temperatures along the path of propagation (negative 
lapse rates) will cause the ray to bend up while decreasing temperatures 
(positive lapse rates) will cause it to bend down. This distortion of 
the ray path will influence the boom 'Strength received on the ground. 
The effect of temperature variations, on the boom strength under the air- 
plane, have been studied for a number of model atmospheres. These models 
(Refs. 9"l6) characterize the following meteorological conditions: 

• Various tropopause heights and associated temperature gradients. 
• Temperature inversions near the ground caused by nocturnal radiation, 

snow cover, and coastal stratus. 
• Multiple temperature inversions due to mixing and advection. 
• Frontal temperature inversions. 
• Combinations of the above. 

They are summarized in.Fig. 7> which shows the standard 
atmosphere, for reference. 
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The effect of these variations on "boom strength was studied 
in each temperature model. It was found that the temperature effect was 
primarily a function of airplane Mach number and the ratio of the abso- 
lute temperature at the airplane to that at the ground. This is illus- 
trated in the summary of the calculated data shown in Fig. 8. To better 
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display the variation in boom strength, the overpressure produced under 
the airplane in each atmospheric model has been divided by the overpres- 
sure generated in the standard atmosphere for the corresponding Mach 
number and altitude. 

The data presented in Fig. 8 indicate that significant 
changes in the overpressure, caused by temperature variations from the 
standard atmosphere, are mainly confined to the Mach number range between 

that required for complete cut-off (no boom heard on the ground) and 
about Mach 1.2. For Mach numbers greater than 1.2 the effect is rela- 
tively small. The influence of temperature variations for Mach 1.2 is 
shown in Fig. 9« This figure presents the data shown in Fig. 8 for Mach 
1.2, plotted against the airplane Mach number based on the speed of sound 
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When the airplane Mach number Is less than or approximately 
equal to 1.2 extreme care must be used in estimating the boom strength 
generated under the airplane. Because all the meteorological factors in- 
volved may significantly affect the boom strength, simple approximations 
are not possible in most cases. A more complete discussion of these 
effects in the low Mach number range is given in Section III. However, 
for routine analysis it may be possible to approximately estimate the 
effect of temperature variations on the boom strength by referring to 
Figs. 8 and 9« The change at Mach 1.2 would be estimated from Pig. 9 
and the variations for the rest of the Mach number range would be esti- 
mated from Fig. 8. As the variations in boom strength for Mach 1.5 do 
not usually exceed ±2 percent, the effect of temperature in this range 
might be neglected for routine calculations. 

(2) Prtitur«  -  Pressure variations between the airplane and 
the ground vill influence the hooni intensify received on the ground. 
Investigation of the equations describing the propagation of a shock wave 
through a nonhomogeneous horizontally stratified media (Refs. 6 and 7) 
indicate that the influence of small variations from an established pres- 
sure-height curve can be described by a relationship between the ambient 
pressures at the airplane and the ground. If the established pressure- 
height curve is taken as the one for the standard atmosphere the influence 
of variations from it can be estimated from Eq. (k).  (This equation is 
developed in Appendix III.) 

(4P 
AP.M 
"«•/ under 

(It. track 

where 

) "WLI 
'   under 

wfA 1 
L(Pa).uJ 

1/4 

Eq. 00 

Pg 

(PgU 
Pa 

(Pa) 
■«. 

■ Ambient pressure at ground in model 

= Ambient pressure at ground in standard atmosphere 

= Ambient pressure at airplane (tapeline) altitude 

= Ambient pressure in standard atmosphere at airplane 
(tapeline) altitude 

The influence of pressure on sonic boom strength is indepen- 
dent of airplane Mach number. This is because the path of propagation 
(i.e. the ray path) is primarily a function of the temperature variation 
and airplane Mach number, and is generally independent of the pressure 
variation in the atmosphere. 

This expression has been checked by making a number of com- 
parisons with results obtained using the method of Refs. 6-8. The 
atmospheric temperature models shown in Fig. 7 were used for the compari- 
son. First, the sonic boom was computed in each model assuming the U.S. 
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Standard Atmosphere, I962 (Ref. 1) pressure-height curve. Boon strength 
was then recomputed assuming a pressure-height curve which was developed 
by using the hypsometric equation for each temperature model (Ref. 17). 
These two results were then ratioed to obtain the effect of pressure 
variations from the standard pressure-height curve on the sonic boom, 

•'<<.  j «Mi*r      • The comparison between Eq. (h)  and 
I t»mp.   I  flt. lnrk 

the computed results is shown in Fig. 10, for each group of temperature 
models. 

These data show that agreement between Eq. (k)  and the com- 
puted results is quite close. This equation should be adequate to allow 
estimation of the effect of normal pressure variations, from the standard 
atmosphere, on the sonic boom produced under the flight path. 

(3) Combined Temperatur» and Pratsur*    -  Variations of both 

temperature and pressure, in the atmosphere, will affect the strength of 
the sonic boom received on the ground. The influence of these variations 
on the sonic boom is a function of airplane Mach number, altitude, and 
atmosphere thermodynamic properties. In Section II.B.l it was observed 
that the influence of temperature variations from the standard teupera- 
ture-height profile was a function of airplane Mach number, altitude, 
and the absolute temperature profile. This could be put in the function- 
al form: 

ftfi     ) = \A*std.  /under 
= K(M,T.H) 

temp.' "«• tr»ck 

Furthermore, it was observed, in Section II.B.2, that the 
effect of pressure variations from the standard pressure-height profile 
was primarily a function of that profile and airplane altitude. This 
could be put in the functional form: 

M ) * = \A*std. /under 
K(P.H) 

press', flt. trick 

The combined effects of pressure and temperature variations 
from the standard atmosphere can be obtained by the product of the above 
two functional quantities. 

Specifically, if the first of these functional quantities is 
noted as KT(temperature correction factor) and the second is put in the 
form given by Eq. (k),  the product of these is: 

?ff   i,/2r P,   v* 
under 
flt. track 

KT[(P^J  [OSLJ 
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Thus, for a nonstandard atmosphere the overpressure under 
the flight track would be given toy Eq. (5). 

undtr it, u,«* 

where 

KT 

P« 

•     (Pg) 

Pa 

(Pa) 

K. 

-«•satriÄJ^-i Whltham 
Eq.   (5) 

«4. 

«td. 

A P. Whltham 

m   Temperature correction factor 

■ Ambient pressure at ground 

= Ambient pressure at ground in standard atmosphere 

■ Ambient pressure at airplane tapeline altitude above 
ground 

B Ambient pressure at airplane tapeline altitude above 
ground in standard atmosphere 

■ Atmospheric correction factor for standard atmosphere 
(see Section II.A.l, and Appendix I) 

«* Eq. (l) (See Section II.A.l) 

For most routine calculations, the temperature correction 
factor, KT, may be determined by the method outlined in Section II.B.l. 
In some special cases, such as for Mach numbers less than 1.2, special 
methods may be required in order to make estimates. However, these situ- 
ations would fall into the special class of problems which are discussed 
in Section III. Thus, use of the correction factors outlined in Eq. (5) 
eliminates the need to generate a number of KA curves (Fig. 2), to 
allow estimation of the effect of normal atmospheric variations from 
standard conditions. 

(4) Wind» - Variation in wind speed and direction (i.e. 
wind shear) between the airplane and the ground will tend to distort the 
ray path in much the same manner ac variations in temperature. In gen- 
eral, headwinds cause the rays to bend up away from the ground, while 
tailwinds cause them to bend down. Distortion of the ray paths will 
cause some variation in sonic boom strength. This variation was investi- 
gated by constructing a set of model wind profiles (Refs. 18-35) and 
calculating the resulting overpressures on the ground. The wind models 
were selected to be characteristic of: 

• Gradients in zonal and meridonal wind components 
• High-speed jet streams near the tropopause 
• Low-level jet streams over the great plains 
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Each model was assumed to be omnidirectional, i.e. no lat- 
eral shear. The wind models are summarized in Fig. 11 for each of the 
above categories. 

The effect of winds on the overpressures received at the 
ground was studied by assuming that the wind velocities were aligned 
parallel and perpendicular to the airplane flight path. In this manner, 
the influence of headwinds, tailwinds and sidewinds were studied. The 
overpressures computed by the method of Refs. 6-8 under the flight track 
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with wind were divided by the overpressures in the same model atmosphere 
with no wind, to better indicate the influence of each profile.    These 
results are shown in Fig. 12 for the various assumed wind directions. 
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This figure illustrates that the headwinds and tailwinds 
exert the most powerful influence on the overpressure under the flight 
path for Mach numbers less than about l.JJ. Sidewinds seem to have rela- 
tively little influence on the sonic boom under the airplane regardless 
of Mach number. The results for winds parallel to the flight track are 
similar to those obtained by varying the temperature profile (Section 
II.B.l). For Mach numbers above 1.5, the effect of winds is relatively 
small (of the order of ±2 percent). In the Mach number range between 
1.2 and 1.5 the wind components parallel to the flight path may have a 
significant effect. In some cases, especially at low Mach numbers, winds 
may cause focusing of the sonic boom under or to the side of the flight 
track. These situations represent a special set of cases which are con- 
sidered in detail in Section III.B. 

Care must be taken in estimating the influence of wind on 
the boom under the flight track for Mach numbers less than about 1.3, 
but for Mach 1.3 and moderate winds the effect may be estimated from a 
cross plot of some of the data in Fig.* 12. This is shown in Fig. 13 
where the data at Mach 1.3 has been plotted against the sum of the speed 
of sound ratio (ag/aa) and the relative wind component (U*/aa) parallel 
to the flight path. 
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The data from this figure may be used to estimate the in- 
fluence of headwinds and tailwinds at Mach 1.3. Figure 12 data may be 
used to estimate the effect over the remainder of the Mach number range, 
for most routine calculations. In routine calculations, the effect of 
sidewind components could probably be ignored since the most extreme 
winds cause less than a 5 percent change in the overpressure under the 
flight path at Mach 1.2, and less than ±2 percent at higher Mach numbers. 

(5) Lateral Distribution of Boom Strength - It was shown in Section H.A.2 
that according to theory the lateral distribution of the sonic boom strength 
varied inversely as the 3A power of the distance from the airplane to any 
point on the ground. The expression developed in that section, Eq. (3), 
was compared to data computed using the method of Refs. 6 through 8 for each 
of the nonstandard atmospheric models shown in Fig. 7» This comparison is 
shown in Fig. 1^ for several Mach numbers. No wind shear is assumed. 

The figure shows that the maximum deviation from the approx- 
imate equation, Eq. (3), is about 8 percent for Mach 1.2. The majority 
cf the computed points show very close agreement, especially at the Mach 
numbers above 1.2. The results of this comparison would indicate that 
Eq. (3) should yield a relatively good approximation for both standard 
and nonstandard atmospheric models. 

The presence of wind shears will also influence the lateral 
distribution of the boom* strength. In some cases the approximation 
obtained by using Eq. (3) may not be sufficient and more complicated 
methods must be used. The validity of the simple approximation was 
checked in the standard atmosphere with the mean zonal and high-speed 
jet wind profiles (Fig. 11). The wind directions were taken individually 
as tailwinds, headwinds, and sidewinds and the distribution cf boom 
strength under the airplane was computed for each case. The computed 
results are compared to Eq. (3) in Fig. 15(a) for the mean zonal wind 
profile and in Fig. 15(b) for the high-speed jet wind profile. 

The figure shows that for the mean zonal wind profile (Fig. 
15(a)), the agreement with Eq. (3) is quite good at all Mach numbers 
above 1.2. In the case of high-speed jet profile (Fig. 15(b)) agreement 
is not quite as good, especially at low Mach numbers. From this compari- 
son, it appears that estimates computed using the approximate equation, 
Eq. (3), are sufficient in cases of moderate winds (with maximum 
wind speeds less than about 100 feet per second) at all Mach numbers, 
and for high winds at Mach numbers greater than about 1.5. The 
results at low Mach numbers for the high-speed jet profile illustrate 
some of the special cases discussed in Section III.B. For instance, at 
Mach 1.2 both the headwind and tailwind cause complete cut-off so that 
no boom would be heard on the ground. However, as a sidewind the high- 
speed jet would cause lateral focusing ofi' the flight track (i.e. over- 
pressures to the side of the flight track higher than those under it). 
In the cases of high wind speeds in the vicinity of the airplane altitude, 
extreme care must be exercised when estimating the boom strength and 
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distribution on the ground. This situation represents a set of special 
cases which are covered in more detail in Section III.B. Criteria are 
established in that section so that these special situations may be 
isolated and investigated separately if necessary. For ordinary meteor- 
ological conditions the approximation established previously should be 
sufficient in making routine estimates of the lateral distribution of 
the boom strength on the ground. 

(6) Lateral Extent of Boom Strength -  The lateral extent of the boom 
strength to the side of the flight track in a still atmosphere is deter- 
mined primarily by the temperature distribution between the airplane and 
the ground, the flight altitude, and airplane Mach number. The location 
of the lateral cut-off point does not necessarily define the location 
beyond which no noise wiM be heard as noted in Section H.A. 3. It is 
possible to theoretically determine the lateral extent of noise by in- 
vestigating the equations describing the path of the shock front from 
the airplane to the ground. These paths are commonly called ray paths 
and their lateral extent is found by determining the location of the 
last ray to reach the ground. 

Consider a general temperature profile such as that shown in 
Fig. l6, where the temperature is assumed to vary linearly between signif- 
icant levels. 

The lateral location of the last ray to reach the ground for 
this profile is given by (this equation is developed in Appendix IV): 

Y - 4,-/1 j^fl^y Mcjügja,csLtLC     , Ea (6) Ym„   -[i lMaapi;j  Lf      ^^rn «Vi-V^(6) 

In some cases the temperature between two levels is constant, 
such as in the stratosphere of the standard atmosphere. Assuming this 
occurs between levels z,m and zm+, (i.e. am= am+1) the term in Eq. (6) 

involving (z -Z ) becomes: 

«L3L>* (,~«-'J Eq-(7) 

This is further illustrated in Appendix IV where Eq. (6) 
is expanded for the standard atmosphere. 

The assumptions involved in deriving Eq. (6) are that the 
speed of sound varies linearly between levels, and that the shock front 
travels at speeds nearly equal to the local speed of sound. The influ- 
ence of these assumptions has been checked by comparing results computed 
by the method of Refs. 6-8 with those computed using the above equations. 
A typical example of this comparison is shown in Fig. 17 for the model 
temperature profile B-5 (Fig. j),  at several Mach numbers and altitudes. 
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The figure shows that the effect of the assumptions is not 
very significant, as the results computed by both methods are quite close. 

Variations in the temperature profile will cause variations 
in the location of the lateral cut-off. The extent of the lateral dis- 
tribution of sonic boom strength was computed for each of the atmospheric 
models shown in Fig. 7. 

The variation in lateral extent is shown in Fig. 18 for the 
two models which produced the widest deviations from the values in the 
standard atmosphere. The extent in the standard atmosphere is shown for 
reference. 

The figure shows that, in the extreme cases, variations 
from the standard atmosphere locations 5 to 10 miles may occur. In 
general, temperatures lower than standard on the ground will increase 
the lateral extent, Ymax* while ground temperatures higher than standard 
will decreaseYmax' 

Wind shears will also affect the location of lateral cut-off 
off. The magnitude of the variation caused by moderate winds was 
studied in the standard atmosphere with the mean zonal wind profile 
(Fig. 11). The value of Ymax was computed by the method of Refs. 6-8, 
for a headwind, tailwind, and sidewind. For the purposes of comparison 
these values were divided by the value of Ymax with no wind for the same 
Mach number and altitude and are shown plotted in Fig. 19 against air- 
plane Mach number. 

The figure shows that for moderate winds the maximum varia- 
tion occurs at Mach numbers near 1.2. For Mach numbers greater than 
about 1.5 the variation is of the order of ±5 percent. In general, tail- 
winds and sidewinds (on the downwind side) increase the value of Ymax, 
while headwinds and sidewinds (on the upwind side) decrease Ymax* In 

some cases strong winds may substantially increase the magnitude ot'Yma*« 
The conditions required for this to occur are described more fully in 
Section III.B.U. For purposes of routine calculation the influence of 
moderate winds on the location of the lateral cut-off point might be 
ignored or estimated from Fig. 19. 

(7) Routine Calculations of Sonic Boom in General Atmosphtr* - The method for 
calculating sonic boom distribution on the ground was outlined in Section 
H.A.k,  for the U.S. Standard Atmosphere, 1962, with no wind. A similar 
procedure would be used in making routine estimates for a general at- 
mosphere with wind. The following method should be used with extreme 
care for Mach numbers between 1.0 and 1.3, especially in cases when' 
wind shears are to be considered. Criteria for meteorological conditions 
which may cause anomalies in the overpressure and distribution of the 
sonic bnom are developed in Section III. These should be checked when 
makir-a calculations in the above Mach number range. 
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Once the airplane geometry influence, I(Y0 ,8),   (see Eq. (l)) 
has been determined for each Mach number and altitude of interest the 
calculation of sonic boom strength and distribution may proceed as follows: 

(a) Calculate A P mder  nt> lr,ck from Eq. (5) and Fig. 2 
(or Appendix Figs. 1-1, 1-2, or 1-3 for the ground located above 0 MSL) 
for each altitude and Mach number 

• The variation of the temperature correction factor, KT  , with Mach 
number may be estimated from Fig. 8, with the value at Mach 1.2 
estimated from Fig. 9. 

• The variation of the correction for wind shears with Mach number may 
be estimated from Fig. 12 with the value at Mach 1.3 taken from Fig. 13. 

(b) Compute the lateral distribution of sonic boom strength 
from Eq. (3) for each altitude and Mach number. (Caution must be exer- 
cised when estimating the lateral distribution for low Mach numbers and 
high winds, Fig. 15.) 
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(c) Obtain the locatioü of lateral art-off from Eq. (6) 
and Eq. (7) for each Nach number and altitude, and terminate the lateral 
distribution at that point. (Effect of moderate winds on the lateral 
cut-off location may be estimated from Fig. 19.) 

The above procedure vas generally illustrated in Fig. 6, 
which may be referred to as a guide for performing routine calculations 
of the sonic boom intensity and distribution on the ground in a nonstand- 
ard atmosphere. 

(C) SUMMARY OF RESULTS -The effect of variations in temperature and pres- 
sure on the sonic boom intensity and lateral distribution were established 
in this section for the U. S. Standard Atmosphere, 1962. Variations in 
these properties from the standard conditions and the presence of winds 
were also investigated. Simplified methods for predicting the influence 
of these changes were developed. Further, these investigations indicated 
that the effect of varying meteorological conditions for flight at Mach 
numbers above 1.3 on the sonic boom intensity is generally no more than 
±5 percent from that generated in the still, standard atmosphere. Flight 
at Mach numbers below 1.3 may result in more significant variations in 
the overpressure. 

$ 
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SECTION TU  A REVIEW OF CONDITIONS WHICH MAY CAUSE ANOMALOUS 
PROPAGATION 

Various meteorological conditions may exi6t between the airplane and 
the ground which will cause unusual influences on the sonic boom intensity 
and its lateral distribution at the ground. It is the purpose of this 
section to discuss these conditions, their effect on the overpressure, 
and when possible, to present criteria for determining the conditions 
necessary to produce the anomaly. The presence of the required condi- 
tions may result in focusing (local intensification of the boom), com- 
plete cut-off (no boom heard on the ground), extreme lateral spread 
(boom heard at extremely large distances to the side of the flight trek), 
and distortion of the wave form due to interaction with turbulence. 
Variations in temperature alone can cause focusing or cut-off, while 
variations in both wind and temperature can cause focusing, cut-off, or 
extreme lateral spread. For purposes of simplicity it is convenient to 
consider these in terms of temperature and wind produced anomalies. The 
effects of low altitude turbulence, the shock wave history near cut-off, 
and the effect of high altitude turbulence and shower clouds are also 
discussed. 

(A) TEMPERATURE PRODUCED ANOMALIES - The primary influence of tem- 
perature variations in the atmosphere is to distort the ray path, which 
describes the path of the shock front from the airplane to the ground. 
In some situations, the temperature variation can be such that the rays 
are refracted so completely that the boom will not reach the ground. 
This condition is known as "complete cut-off" of the sonic boom. On the 
other hand the conditions may be such that the boom will be focused (i.e. 
locally intensified) at a point on the ground. Both of these phenomena 
occur at very low Mach numbers where the speed of the airplane relative 
to the ground is nearly equal to the local sound speed at the ground. 

(1) Complete Cut-off - Investigation of the ray path equations (Eqs. 
II.la) through (II.If) in the Appendix) indicates that for conditions o-p 

no wind the sonic boom will be prevented from reaching the ground if the 
velocity of the airplane relative to the ground is less than the maximum 
speed of sound et any altitude between the airplane and the ground. 
Stated in terms of the airplane Mach number, M < am»x/

aa • ^he limi- 

ting value of Mach number, M 
cut-off 

is determined by putting this in the 
form of an equality which is expressed in Eq. (8) below. 

where 

M 

M 
cut-off 

row Eq. (8) 

cut-off 
Largest airplane Mach number at which complete cut-off 
will occur. 

= Largest value of sound speed between the airplane and 
the ground. 

a sound speed at the airplane. 

31 

wmmmm^mmm^^^mm^^m^^^^m 



r »TOUvvn i.ivnvufivi^irjf JUUVIA^ a#".nr„Tr\; *"* wv »V «TK Jni **/, HT.JW JV. WVL' 

This relationship also defines the meteorological conditions 
required for no "boom to reach the ground. It has been applied in Fig. 20 
to several examples to illustrate the application to the standard and 
nonstandard atmospheres. The model atmospheres considered are illustrated 
in Fig. 7. The figure shows that for altitudes above 36,000 feet, the 
limiting Mach number lies generally between 1.1 and 1.2. No boom would 
be heard on the ground for flights in a still atmosphere at Mach numbers 
less than the M cut-off at the airplane altitude. 

(2) Focusing on tho Ground - Focusing or intensification of the sonic 
boom c .wressure will occur if a set of adjacent ray paths describing 
the propagation of a portion of the shock front tend to come together. 
This leads to cusping or folding over of the shock front at a point where 
the area between the adjacent rays (i.e. ray tube area) tends to go to 
zero. This phenomena is discussed in more detail in Ref. 36. A general 
expression for the variation of the area between the adjacent rays is 
given in the Appendix (Eq. (II-6)). This expression has been investi- 
gated to determine the meteorological conditions required for the ray 
tube area to approach zero. It was found that if focusing takes place, 
it can occur only at the location of a cut-off of the sonic boom (either 
lateral or under the flight track). For a still atmosphere focueing 
can occur only under the airplane and takes place simultaneously with the 
complete cut-off at that point. The Mach number at which focusing may 
occur on the ground is given by Eq. (9) which is derived in Appendix V. 

M. 
Focus 

•gZ-    if and only if a a (Eq. 9) 

where 

a 

a, 

sound speed at the ground 

sound speed at airplane 

amu( " largest value of sound speed between the airplane and the 
ground 

If a temperature inversion exists near the ground such that 
a
g < 

a
mtx the boom cannot be focused at Lhe ground because the cut-off, 

if it exists, will occur at the top of the inversion. Thus, in an atmos- 
phere such as B-5 (Fig. 7) the boom will not be focused at the ground, 
regardless of Mach number. Referring to Fig. 20, t'ie Mcut.off line shown 
for the Standard Atmosphere, and model A-3 would also represent the 
Mfocuj line. The effect of approaching the Mach number at which focusing 
may occur is shown in Fig. 21 where the variation in overpressure pro- 
duced at a fixed altitude by varying the Mach number is shown for the 
Standard Atmosphere and Model A-3« The data for these curves were com- 
puted using the method of Refs. 6-8. 
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1.25 

The figure shows thr.t the boom magnitude may substantially 
Increase as the cut-off Mach number is approached. However, two factors 
should be noted in considering these results. First, except for continued 
flight at this Mach number the focusing occurs at only one point on the 
ground under the flight track and thus would affect only a very small 
area. Second, and perhaps more important, is the interpretation of these 
results. At the present time, a factor is applied to all sonic boom 
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estimates to account for the reflection of the oblique shock wave from 
the ground. This factor, KR , (Eq. (l)) is usually taken as approxi- 
mately 2.0. However, at cut-off the shock front is normal to the ground 
and there is no reflected wave from the ground. The value of KH is 
not clearly defined under these circumstances. This aspect of the pro- 
blem is considered in more detail in Section III.D.l but, to smoarize 
here, the conclusion is that Kumust vary between approximately 2.0 for 
the oblique shock wave to approximately 1.0 for the normal wave at cut- 
off. In this respect the overpressure experienced at the ground near an 
atmospheric focus may be only slightly larger than that predicted for 
Mach numbers higher,than that required for focusing, where KRa 2.0. As 
will be shown in the following sections, the same argument would hold for 
wind induced focusing as this too occurs only at a cut-off where the 
shock front is normal to the ground. 

In making routine calculations, Eqs. (8) and (9) should be 
checked to determine the Mach number at which cut-off or focusing may 
occur. If an inversion exists near the ground Eq. (9) may be ignored. 
When the Mach number of interest lies very close to Mach number required 
for focusing, (the proximity may be estimated from Fig. 21) the approxi- 
mate methods outlined in Section II may not be sufficient to adequately 
determine the boom strength on the ground. If an estimate is required 
for these Mach mmbers more sophisticated methods, such as those detailed 
in Refs. 6-8, must be applied. 

(B) WIND PRODUCED ANOMALIES - Wind shears between the airplane and 
the ground will distort the shock front as it travels through the atmos- 
phere. In some situations these shears may either prevent the boom from 
reaching the ground or significantly increase the boom lateral extent. 
In others they may intensify or focus the boom locally. The meteorologi- 
cal conditions necessary to produce these phenomena are presented in this 
section. These results should be used in conjunction with routine esti- 
mates to isolate those situations where unusual propagation may occur. 
It may be noted that with the exception of large increases in location of 
lateral cut-off, wind produced anomalies are generally confined to the 
low Mach number flight regime. At higher Mach numbers (usually above 
1.3) "the wind shears required to produce the unusual effects are too 
large to be realistic. 

(1)    Compiefe Cut-off - Investigation of the ray propagation equa- 
tions, (Appendix Equations (Il-la) through (il-lf)) indicates that for an 
atmosphere with wind, no boom will reach the ground if the ray directly 
under the airplane is refracted. Experimental evidence of complete cut- 
off has been noted in Ref. h  for very low Mach numbers (near 1.2). In 
the simplest case, this requires that the airplane speed relative to the 
ground be less than the speed of sound at the ground. The maximum Mach 
number at which cut-off would occur is given by Eq. (10) below. 

cut-off 

(a+U)  -U, 
Eq. (10) 
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where 

M       ■ largest airplane Mach number at which complete cut-off 
will occur 

a       -    sound speed at some level between the airplane and the 
ground 

U       « tailwind speed component at the same level as selected 
for a«(U is negative if it is a headwind component) 

Ua      ■ tailwind component at airplane (Ua is negative if it 
is a headwind component) 

a       = sour! speed at airplane 

(a+U)    " largest value of sound speed and wind component speed 
max    which occurs between the airplane and the ground 

The calculation of M.cut^)ff is considerably simplified if 
the combined sound speed and wind speed for the atmospheric model being 
considered is plotted against altitude from the ground. This step aids 
in selection of the maximum value of (a+U) tiiot lies between the air- 
plane and the ground. 

Several examples of M cut-0ff have been calculated using the 
atmospheric models from Fig. 7 and the wind models from Fig. 11. These 
results are shown in Fig. 22 for both headwind and tailwind. The' cut-off 
Mach number with no wind is shown for reference. 

The figure shows that, in general, headwind components in- 
crease the cut-off Mach number above that for the no wind case, while 
tailwind components decrease the cut-off Mach number. However, in the 
case of very high speed winds, the tailwind components may increase 
the iut-off Mach number for altitudes above the maximum wind speed. This 
is illustrated in the case of the high-speed jet. It should also be 
noted that the altitude at which complete cut-off occurs is indicated by 
M cut-off ■ 1'0.    In the case of the high-speed jet tailwind in the Stand- 
ard Atmosphere for flight at altitudes above 28,000 feet, the cut-off 
would occur at about or above 28,000 feet. 

(2)    Focusing Und»r th» Flight Track -Under some conditions, winds may 
cause focusing of the sonic boom under the flight track. The mechanism 
is similar to that described in Section III-.A.2. It has been found, up- 
on investigation of the ray tube area expression, (Appendix Eq.(H-6)) 
that focusing under the flight track and complete cut—off must occur 
simultaneously. The boom at the ground may be intensified if the cut-off 
occurs at the ground. The Mach number at which focusing may occur on the 
ground under the flight track, in the presence of wind, is given by Eq. 
(11) which is developed in Appendix V. 

36 

t»«IIHUl_imiHU'»lll»UI UIIJIlHTVt>»Wml»tUIUIUIUlUIUlUUItlUimUII.»lilLMli|UlUlUILHLil UIHIL'Unui'M'HiHU»»- 



150 

*     50 

MINI     1 

  
STD ATM 
MEAN Z( 

0SPHERE   -- 
)NAL WIND 

  ■"-'NOWIND ~ 

TAIL) riND^jJ 
| _ -.:HEADWIND. 

m-\r   r 
1-Z*y- 
4**- 

.0        1.1 1.2 1.3 

MACH NUMBER 

£ 
i 

i 

1 II 1 1 1 1 ! 
TD ATMOSPHERE 

150- 
3 

1 GH SPEED JET 
!| s 
1 TAILWIND 100 

1 

\ \\ 
in BOQi -BOOM HEARD 

. nui nonniin 
yj 

ONGROli \ j 
50- NO WIND I 

"[ u l » r 

• 

-\K iEÄOflNO1- ■  i  i ■ 

0 1.1 1.2 1.3 1.4 

MACH NUMBER 

1» 

t 
i 
i 

UJ 

*   so 

w 
ATMOSPHERE B-5 
MEAN ZONAL WIND 

1.1 1.2 1.3 

MACH NUMBER 

150 

fc 
§ 
7   100 

g 
5 . 

 II 
1    II 

»ERE 
EEDJ 

        ~ATMOSPI B-5 ~ 
 HIGH SP ET  

i_j         j II  II 
l -TAIL 

i    i    i~~~!            j 
I i i        II MIL' — 

'J           iin'onciu '   l\    uftSn 
GRQUI <D4-tONGlTO 

NO WIND". L        1 

52i5*s',T 
** > -HEADWIND " 

_ —i i  i  i  i 

.0        1.1 1.2 1.3 

MACH NUMBER 

1.4 

«f. 22 Bthct of Wind on Cut-OH Mocfi Numfctr. 

37 

mmmms^m^^m^^i^mm^^m^m^^m^mm 



(a + U) -U 
»f< =  ^ — if and only if (a + U)g = '(a + U)^ Eq. (11) 

where 

M      = Mach number at which focusing on the ground may occur 

(a + U), ■ sum of sound speed and tailwind component at the ground 
(U is negative if it is a headwind component) 

g 

Ut     = tailwind component at the airplane (U is negative if it 
is a headwind component) 

a      ■ sound speed at the airplane 

If the quantity (a+U) is not largest at the ground, cut- 
off and possible focusing will occur at the level where this quantity- 
has its greatest value. This is similar to the effect of an inversion in 
the still atmosphere. Referring to Fig. 22, the Mach cut-off lines for 
the headwind and tailwind would also represent the MFocus lines. An 
interesting example of cut-off above the ground with no focusing possible 
at the ground is illustrated quite vividly in the case of the Standard 
Atmosphere and the high-speed jet tailwind profile. For airplanes flying 
above 28,000 feet at Mach numbers near MFocus, the cut-off would occur 
at 28,000 feet, thus precluding the possibility of focusing at the ground. 

The effect of wind on the overpressure under the airplane 
was investigated by the method of Refs. 6-8,in ehe Standard Atmosphere 
for winds increasing linearly from zero at the ground to the maximum 
value at the airplane. The wind magnitude at the airplane was increased 
until cut-off and focusing at tht- ground were achieved. These results 
are shown in Fig. 23 where the overpressure with wind has been divided 
by that obtained without wind for the airplane at a fixed Mach number 
and altitude. 

The figure shows that the focusing effect occurs at wind 
speeds very near those required to produce complete cut-off. The local 
intensification may not be as high as it appears at first sight because 
of the possible variation in ground reflection factor KRwith shock wave 
angle. This consideration is discussed more fully in Section III.D.I. 

Another interesting consideration is that wind induced fo- 
cusing can occur only at the very low Mach numbers. This may be seen if 
Eq. (ll) is rearranged so that the wind required for cut-off and focusing 
at the ground may be calculated as a function of the airplane Mach num- 
ber. An especially simple example may be found in the Standard Atmos- 
phere with a wind varying linearly from zero at the ground to a maximum 
at the airplane and by assuming that the airplane is above 36,000 feet. 
The wind required for cut-off and focusing has been determined for this 
case and is shown plotted in Fig. 2k. 
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The figure shows that the headwind speeds at the airplane 
required to produce cut-off and focusing are in excess of 200 feet per 
second for Mach numbers above 1»3« Wind velocities in the atmosphere 
rarely exceed this value at altitudes above 1+0,000 feet, where airplanes 
such as a large supersonic transport would fly at these Mach numbers. At 
higher Mach numbers the wind velocity required for cut-off and focusing 
would be larger than any which could physically exist in the atmosphere. 

(3) Focusing to the Side of tht Flight Track -  As in the case of focusing 
under the flight track, intensification of the boom to the side of the 
flight track may occur simultaneously with the lateral cut-off. Investi- 
gation of the ray tube area expression in the Appendix (Eq.(II-6)) leads to 
an expression of the wind required to produce these phenomena. The ex- 
pression for the required wind conditions is derived in Appendix VI of 
this report. The result has been applied to several examples which are 
presented in Fig. 25. 
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The required wind speed components are measured relative 
to those on the ground. For example, the sidewind speed, V* ,' would be 
the absolute value of the algebraic difference of the sidewind speed at 
the ground and that at the airplane, i.e. |Vg - Va |. Wind is a vector 
quantity so that the direction must be accounted for by the sign of the 
number. The following directions were defined in developing the above 
curves: 

• Winds in the direction of the flight path are positive (i.e. tailwinds). 

• Winds in the opposite direction of the flight path are negative (i.e. 
headwinds). 

• Winds coming from the right side normal to the flight path are positive. 

• Winds coming from the left side normal to the fligh+ path are negative. 

The figure indicates the wind components required to cause 
off-track focusing at several Mach numbers. It is evident that this 
phenomenon is restricted to the very low Mach numbers because of the 
magnitudes of the wind speeds required at the higher Mach numbers. 

To indicate the proximity to the required value of wind 
which may cause an unusual effect, several cases have been computed in 
the Standard Atmosphere. The sonic boom strength at the lateral cut-off 
point war:, computed by the method of Hefs. 6-8 for various wind speeds 
and directions. These results were then divided by the boom strength 
under the flight track for no wind in order to better illustrate the var- 
iation. The effect of winds on the boom strength at the lateral cut-off 
point is shown in Fig. 26. 

The figure shows that in 60me circumstances and at very low 
Mach numbers the overpressure to the side of the flight track may exceed 
that under the flight track. The same phenomenon may also be seen in 
Fig. 15 for the standard atmosphere with the high speed jet sidewind pro- 
file for Mach 1.2. Here again, the variation ofKR, the reflection fac- 
tor, with shock angle must be considered as the focusing effect occurs 
simultaneously with cut-off where the shock is nearly normal to the ground. 
This is discussed in more detail in Section III.D.I. 

A better indication of the range of wind speeds which are 
required to produce significant off-track focusing may be obtained by 
a cross-plot of the data in Fig. 26 for Mach 1.2 on the plot of Fig. 25. 
The winds which will produce overpressures at the lateral cut-off po- 
sition equal to these normally produced under the flight track without 

wind were picked to form the boundary. Thus, the wind range which will 
produce this effect is shown as the cross hatched area in Fig. 27. 

1+1 

~.' ''>foft%ray^^ 



iiwvMVMVTi*iwuwwmairaw*rmvMUVirww\Jvv-TUTIwmjiruimiT^/r'' . *nrmSYJWW^njrjWimWillWWS 

50 100 ISO 200 250 300 

V~ (SIDEWIND AT GROUND - SIDEWIND AT AIRPLANE), FPS 

o 
z 
* 
o 

3.0 

o 
Q. 

•2.0 

o 

SUl.O 
IS 

. STD ATM 1   1   1   1  1 1  1   1  1   1  1 i 
!•'« 0 FPS 1 

Msl.30                H 
.ALT* 17.000 FT 

U« = 38.75 FPS fHEADWIND* = \J IA'  II  i  i k.^jf\  Ttt 1   1 

1   i   i   i   i   i i i 
h 

y>i IxNu1 
.u-uru,.. | 1 i i rvxi ^J^. i 

'.) 
i i J .jr. ^^i    ,§ 

(iniLwinuni unuunu - KILWin u«i ninn.? N 

8.75 

"T\ ! 1 rvj 
i "I 

i 1  ! I ' ■' 7 ! 
r». 
-r- 

FPS (TAILWINO)^—I 
 TI—r-i—' 

1   [   i '—i— i ' —j—|—|—| '—1—H—' 
i i i 

H 1       1   i   ' 
I'll 

1 1 ! 1 I ! 1 1 —1—1   i   Mi   ; 
0 50 100 150 200 250 300 350 400 

V» ~ (SIDEWIND AT GROUND - SIDEWIND AT AIRPLANE), FPS. 

F/o. 26  EHoct of Hind» on Sonic Boom of Lofral Cut-QH. 

For Mach numbers greater than 1.3, the relative wind speeds 
required to produce the off-track focusing become very large. This is 
illustrated when comparing the computed data for Mach 1.2 and Mach 1-3 
in Fig. 15 for the high speed Jet sidewind. The data at Mach 1.3 shows 
that the influence of the high speed winds is practically negligible. 
For most practical cases of transonic flight (Mach numbers near 1.0) at 
high altitudes (above 1+0,000 feet) the winds at the airplane would not 
be of sufficient magnitude to produce the off-track focusing effect. Thus, 
the primary consideration would be one of focusing under the flight track 
at or near the cut-off Mach number. The probability of occurrence of 
the focusing phenomenon either under or to the side of the flight track 
is considered in more detail in Section V. 
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In considering routine calculations of the sonic boom the 
wind speed, and sound speed variation between tba airplane and the ground 
should be determined. The criterion developed in this and the preceding 
section should be checked in the low Mach number range to see if the 
possibility of focusing exists for flight at the altitudes of interest. 
If this possibility does exist more sophisticated methods, such as that 
of Refs. 6-8, must be used to determine the boom strength at the ground. 
Otherwise, the methods outlined in Section II should be sufficient to 
determine the boom strength on the ground. 

(4) Extr*m« Lot«rol Spread - In some c~ses winds may increase the 
location of the lateral cut-off to very large distances from the flight 
track. This phenomenon, which has been noted here as extreme lateral 
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spread, may occur at all Mach numbers. An Investigation of Appendix Eqs. 
(II-la)through(II-If) which describe the ^y path propagation, has led to 
an expression for the winds required to j -oduce the extremes spread. The 
relationship is given in Eq. (12) and is ucveloped in detail in the Ap- 
pendix VTI. 

u.± VM
2
-I v, u± VM^T  V 

Eq. (12) 

A.«-*-TJ ^+..>   U±,
M        + '=* 

or 

A.> 

where 

Ua  ■ Tailwind speed at airplane (negative if headwind) 

Va  ■ Sidewind speed at airplane (positive if coming from right 
side of flight track 

M ■ Airplane Mach number 

aa ■ Sound speed at airplane 

U ■ Tailwind speed at height, H , above groui:d 

V ■ Sidewind speed at height,H, above ground 

a ■ Sound speed at height,H, above ground 

The (+) sign on the term *M -1 V is used when investigating 
extreme lateral spread on the left side of the flight track and r,he (-) sign 
is used when investigating the possibility on the right side. 

The equation shows that for the winds to produce extreme 
lateral spread the value of the quantity A at the airplane, i.e. Aa, must 
be greater than at any other point between the airplane and the ground. 
The application of Eq. (12) to a specific case will illustrate its use. 
The example chosen was the Standard Atmosphere with the high-speed jet 
profile. Airplane Mach number was chosen as 2.0, and various wind direc- 
tions were selected. The right side of Eq. (12) was computed for each 
assumed direction and is shown plotted in Fig. 28. 
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The figure ■) -B the altitude range and wind directions for 
which extreme lateral spr» •* z~y occur. It should be noted that, of the 
wind directions selected, ^y the 0* (tailwind), 90* (sidewind), and 
60" wind directions could cause this phenomenon, and then only if the 
airplane is below 26,000 feet. The former direction (tailwind) would 
cause the extreme spread on both the right and left sides of the flight 
track while the latter two directions (60* and 90*) would cause the ex- 
treme spread only on the left side. In this example, the extreme lateral 
spread would not occur for an airplane flying above 28,000 feet. The 
winds used in the example In Fig. 28 are characteristic of most wind 
profiles in the atmosphere« Thus, the problem of large increases of the 
lateral cut-off location would not exist for flight at altitudes above 
the level of maximum wind. 

The effect of high winds on the location of lateral 
cut-off was investigated for a somewhat academic case, but the results 
were characteristic of the phenomenon. The overpressure on the ground 
was calculated by the method Refs. 6-8 for a wind profile which varied 
linearly from sero at the ground to a maximum at the airplane in the 
Standard Atmosphere. The magnitude of the wind at the airplane was in- 
creased until it exceeded thai require- to produce the extreme lateral 
spread. The results of this calculation are shown in Fig. 29. 

The figure shows that although the wind increases the lo- 
cation of the lateral cut-off the overpressures in that region are quite 
low. For this reason routine calculations of the overpressure on the 
ground might Ignore this effect as the overpressure beyond the normal cut« 
off location drops off quite rapidly with distance from the flight track. 
In any case, as was noted earlier, this phenomenon will probably be un- 
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IC) EFFEC 5 OF LOW ALTITUDE TURBULENCE - The previous discussion was 
limited to the study of the effect of a horizontally stratified atmos- 
phere on the propagation of the sonic boom. In this section, it will he 
shown that any study of the meteorological aspects of the sonic boom can 
be separated into effects due to the horizontally stratified atmosphere 
and effects due to low level turbulence. The turbulent process in the 
atmosphere is the result of some form of instability. This may be either 
a result of mechanical instabilicy, such as produced by wind shear, or 
flow over obstacles, or thermal instability such as produced by solar 
heating of the ground. These forms of instability produce random, turbu- 
lent fluctuations in wind and temperature which can only be studied and 
described in statistical terms such as the correlation coefficient and 
spectrum analysis. Consequently, when the effects of a turbulent at- 
mosphere on the sonic boom are being bLuiie , it is necessary tc use 
ste+lstical parameters for the development of a theory of turbulent ef- 
fects on the sonic boom which will be introduced in this section. The 
theory describes either the turbulent temperature or the turbulent wind 
effects on the sonic boom. The effects of combined temperature-wind 
turbulence are currently being studied. 

(1) Atmospheric Structure - The flow patterns of the atmosphere can be 
visualized as being composed of oscillations varying in size from 3 to k 
thousand miles in wave length to ones which are locally on the order.of a 
few feet. In order to ascertain the effect of the wave length of at- 
mospheric properties on the propagation of the sonic boom, a harmonic 
analysis, or more rigorously a power spectrum analysis of data containing 
these socillations, can be made. 

The power spectrum of wind shown in Fig. 30 is a typical 
plot of kinetic energy of the horizontal wind speed (which is obtained 
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Fig. 30  Horizontal Wind-Speed Spectrum at Brookheven National Laboratory at cLuut 
100m Height (Ref. 38). 
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from the spectral analysis) versus the frequency of the waves in cycles 
per hour. She temperature spectrum curve is very similar in form to the 
horizontal wind spectrum. The following results may he deduced from 
Fig. 30: 
• There is one maximum in the wave energy spectrum near 100 hours per 

cycle. This represents waves due to large scale weather systems. 
• A secondaiy maximum occurs near 12 hours per cycle which may he 

identified with the diurnal cycle of meteorological conditions. 
• There is a broad minimum centered near a period of one hour per cycle. 

This flat part of the curve (the so-called spectral gap) means that 
there are very few eddies of a size from 1 to 20 miles in the atmos- 
phere when, for example, the average wind speed is 10 mph. 

• A third maximum is found near periods of one minute. This means 
that, for the same average wind speed of 10 mph, there are many turbu- 
lent oscillations with a wave length of ahout 900 feet imbedded in the 
passing atmospheric flow field. 

These data show that the study of the effects of the at- 
mosphere on the propagation of the sonic boom can he separated into two 
parts. One part of the study is the effect of the stratified atmosphere, 
in which the horizontal gradients on wind and temperature may he neglec- 
ted because they are small relative to the distances (20 - ko miles) ef- 
fected by the sonic boom. As was pointed out above, eddies of this size 
are rare in the atmosphere. The second part of the study are the effeccs 
of turbulent temperature and wind fluctuations over small periods of time 
and space on the sonic boom. These fluctuations are superimposed upon 
the relatively slowly varying wind and temperature patterns of the large 
weather systems, which for purposes of studying the turbulence are 
treated as being nearly stationary. The magnitude and frequency of the 
short period variations depend upon such parameters as time to day, wind 
speed, cloud cover and the lapse rate of temperature with altitude. 

The structure of a horizontally stratified atmosphere is 
obvious, but the description of a turbulent atmosphere requires the in- 
troduction of statistical concepts which may be unfamiliar. When a flow 
is characterized as being turbulent, it is implied that fields of irregu- 
lar and random fluctuations of scalar quantities (e.g. temperature) and 
vector quantities (e.g. wind) occur about some mean value. The fluctua- 
ting part of the flow field can be regarded as the superposition of a 
large number of different sized oscillations which can be given analytical 
form by a three dimensional Fourier analysis of the velocity field. 

To find a quantity which is easily measured and yet is a 
good statistical measure of the amount of energy contained within each 
particular eddy size of wave length, Taylor (Ref. 67) observed that the 
following Fourier transformation pair exists between the correlation 
coefficient, Rjj  for scalar fields (or correlation tensor for vector 
fields) and the wave spectrum (tensor), <&,j 
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and that, the Inverse transform of $,j is 

*i, (F),=/*ue
i?irdk 

Eq. (13) 

Eq. (lU) 

where K is the wave number vector which represents the turbulent eddies. 

The definition of the correlation coefficient (tensor) is 

RU (r)~ u, (X)U, (x+r) Eq. (15) 

where u, (x) is a velocity component in the x, -th coordinate direction and 
Uj (x + r) is a velocity component in the Xj- tlh' coordinate direction at a 
distance r from x and i,j* 1,2,3. When i«j and r=0, the correlation • 
coefficient R, j represents the kinetic energy per unit mass: 

iu,(X)u,(J)=/*l)dk (lS) 

while $ t| represents the energy density as a function of wave number. 

The turbulent eddies decay slowly and are unchanged over 
the distances they travel when carried by the mean atmospheric flow dur- 
ing the time intervals used in correlating the measurements. This im- 
plies that for homogeneous turbulence, the Eulerian or time lag correla- 
tions may be used instead of the difficult Lagrangian or space correla- 
tion. A similar analysis might be made of the c-oss-spectrura between the 
two variables, temperature and wind, which lead to a measure of the rate 
at which the temperature is being advected or carried along by the turbu- 
lence. This suggests a way in which the effects of combined temperature 
and wind fields may be incorporated into the theory of turbulent scatter- 
ing of shock waves. 

Other parameters which are useful in describing turbulence 
are the mean wind, U", and the RMS wind speed (ü2)1/^. Prom dimensional 
analysis (Refs. kl  and ^2) it can be argued that the spectrum of the ver- 
tical eddies varies with height above the ground in such a manner that if 
the frequency of the eddies, o) , is divided by the mean wind u and mul- 
tiplied by the height, z , a reduced frequency f is obtained which is 
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essentially the ratio of height to wave length,f="T' The reduced fre- 
quency Is used to normalize data to a common base. The "scale of tur- 
bulence" which is roughly l/lO the height of the obstacles to the flow, 
and the variance of the longitudinal, vertical and latitudinal velocity 
components are also meaningful parameters which may be used to describe 
the turbulent variations of the properties. 

(2) Variation in TurbuUnt Intensity - The description of how the turbu- 
lence decays progressively from large eddies to heat, led Kolmogoroff 
(Refs. 69 and 70) to formulate a similarity hypothesis in 19^1. This 
hypothesis states that the influence of the large eddies on the smaller 
eddies as the large eddies decay to smaller ones diminishes gradually 
and consequently, small eddies tend to have uniform properties for all 
types of turbulence. Therefore, the properties of these small eddies are 
solely determined by the average rate of dissipation of energy per unit 
mass. This hypothesis leads to the form of the power spectrum in the 
inertial subrange (e.g. Fig. 30). 

To increase the tractability of equations such as those for 
diffusion and acoustic propagation and to mitigate the problem of mea- 
surement of the atmospheric parameters, it is often assumed that the 
turbulence is homogeneous and Isotropie. If the turbulence quantita- 
tively, has the same structure in all parts of the flow, it is homo- 
geneous. It is Isotropie if its statistical properties are independent 
of direction. Homogeneity and isotropy are usually good approximations 
near the ground (in the atmosphere) when turbulence is fully developed, 
when the sky is clear and the winds are strong. Because of the mathe- 
matical complexity inherent in describing non-homogeneous turbulence, 
all investigators to date have assumed that the turbulence is Isotropie 
and homogeneous when deriving the scattering equations. 

Examination of turbulent spectra such as those assembled 
in Lumley and Panofsky (Ref. kl,  p. l6l ff) indicates that the following 
significant factors about atmospheric turbulence near the ground should 
be borne in mind when Ptudying the propagation of the sonic boom in low 
level turbulence. 
• The variance of vertical wind velocity near the ground which increases 

with the square of the wind, is a function of the surface roughness, 
and is relatively independent of the laps» rate of temperature with 
altitude, 

e The variance of the lateral component (i.e., the cross wind) is very 
sensitive to lapse rate, but not to surface roughness or wind speed, 

e The variance of the longitudinal component of the wind (i.e., along 
the wind) depends upon the lapse rate of temperature, surface rough- 
ness and mean wind speed, 

e Generally, the variance of the horizontal wind components is two to 
three times that of the vertical wind (i.e., the turbulence is non- 
homogeneous and non-isotropic). 

e It is indicated that the eddies tend to be elongated along the mean 
wind direction when the winds are strong (according to Lumley and 
Panofsky (Refs. 1+1 and k2). 
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• Examination of the turbulent spectra presented in Ref. kl  shows the 
maximum value of the energy density in the spectrum of vertical velo- 
city tends to occur near a wave length which is four times the height 
above the ground, while the analogous temperature spectrum maximum 
occurs near a wave length ten times the height above the ground. Thus, 
the maximum turbulent energy density tends to occur at longer wave 
lengths with increasing altitude. 

Since the measurements, to date, of the sonic boom have 
taken place either over deserts or cities, it is Important to note 
that there is little data on the homogeneity or isotropy of turbulence 
from that kind of region. However, the assumptions of homogeneous and 
Isotropie turbulence should yield an adequate preliminary solution 
which will indicate the important parameters that influence the distor- 
tion of the sonic boom signature. 

(3) Scattering of Acoustic Energy by Turbulence - The principal investiga- 
tors in this field have been Perkeris (Ref. k<y),  Blockhintzev (Refs. k6 
and 1^7) Lighthill (Ref. k8) and Kraichnan (Ref. k$).    They have been 
concerned primarily with scattering of small amplitude sound waves. The 
problem of determining how acoustic energy is redirected (i.e. scattered) 
by the interaction between acoustic waves and a field of turbulence is 
difficult and because of the inherent complexity, the simplest case, 
that of homogeneous and Isotropie turbulence (i.e., the intensity of the 
turbulence has no preferred orientation and it is uniformly distributed) 
has been the only case studied to date. 

The initial attempt at analyzing the effects of turbulence 
on the sonic boom by Palmer (Ref. 8l) was to extend the analysis of the 
variation of the amplitude due to turbulent scattering developed by 
Tatarski (Ref. 51), since this was the problem of greatest immediate in- 
terest. 

The extension of this analysis had the advantage of having 
been experimentally verified (Ref. 5"l, $k)  in the lower levels of the 
atmosphere for small amplitude, high frequency sound waves. Inherent 
disadvantages where the necessity of assuming the constancy of the struc- 
ture of atmospheric turbulence with altitude, of ignoring the non-linear 
effects associated with large amplitude waves, and of neglecting the 
effects of variations in the turbulence power spectrum as a function of 
frequency. 

This analysis consisted of treating the "N" wave as being 
composed of a Fourier series sum of frequencies and considering one wave 
from the resulting chain represented by 

2 A   °°  (   1 ^ + 1 
N(a>) = ±2°  V K—l-l   sin n a) t 

"  n-1   n o 
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where   A  Is the amplitude of the N-wave 

to.  is the frequency of the fundamental harmonic 
of the N-wave. 

Tartarski (Ref. 51) has shown that the amplitude fluctua- 
tions of a sound wave that is propagating through a turbulent medium are 
lognormally distributed. The variance, a 2, of the amplitude fluctua- 
tions of a monochromatic acoustic wave is then given by 

..  (.»AUJlcls» 
J 

where ß is a geometrical constant, C„ is an atmospheric structure 
function, which depends on temperature, wind and the angle of inci- 
dence of the wave upon the turbulent region, S is the path length and X 
is the wave length. The N-wave can be represented as a Fourier series, 
where the terms denote harmonic sine waves of varying amplitude and fre- 
quency. The total variance of the pressure amplitude of the N-wave may 
be found as the sum of the pressure variances of each harmonic providing 
that each propagates independently of all others (i.e., uncorrelated) 
through the turbulent regions of the atmosphere. If the harmonics do 
not propagate independently the lognormal form of the statistical pres- 
sure amplitude distribution is still preserved (Ref. 63) provided that 
the wave length of the N-wave lies within the atmospheric inertial sub- 
range of the power energy spectrum as is shown in Fig. 30. 

Since the parameters which enter into the functional form 
of the variance are functions of the atmospheric turbulent structure, 
the path length, the wave length of the N-wave, and the angle of propaga- 
tion, it follows that study of the scattering of the sonic boom should 
classify the data according to a scheme based upon these parameters. In 
particular, the atmospheric turbulent structure will be related to time 
of day and cloud cover. 

This analysis (Ref. 8l) is based upon the scattering of a 
sinusoidal train of small amplitude waves. As a result of the tests at 
Oklahoma City, it became apparent that the problem of the interaction 
of the sonic boom with turbulence is not one of continuous interaction 
of a wave train with turbulence which is unaffected by boundary condi- 
tions. It is rather, one involving the near field of a large amplitude 
pulse scattered by a turbulent field of temperature and wind near the 
earth's surface, The amplitude statistics that were developed for con- 
tinuous waves do not predict the angular energy distribution of the scat- 
tered energy from the direction of propagation and does not accurately 
depict the non-linear interactions which occur under these conditions. 
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The next step was to examine the theory for scattering of 
an acoustic pulse. Batchelor (Ref. kk) has shown that the following 
derivation of the field resulting from scattering of an acoustic pulse 
is equivalent to that developed in the differing forms of Pekeris (Ref. 
1+5), Blockhintzev (Ref. 1+6 and U7), Lighthill (Ref. k&)  and Kraichnan 
(Ref. 1+9). Hie procedure followed in formulating the theory was to de- 
rive the wave equation from the Navier-Stokes equation and the equation 
of continuity. A forcing function is then applied to this equation, and 
the solution of the resulting partial differential equation is then 
accomplished by using the method of perturbations and the Fourier trans- 
form. This technique gives the resultant angular distribution of scat- 
tered energy in terms of a differential cross-section which is defined 
as the ratio between the power scattered per unit solid angle in a given 
direction to the incident power intensity per unit area. The use of 
the Fourier transform in solving the partial differential equation, gives 
a solution for the angular distribution of energy which can be expressed 
in terms of a power spectrum of a turbulent quantity such as is described 
in the section on turbulence, Section III.C.2. An important concept 
used in the derivation is the scattering vector, k , which is defined 
as the vector difference between the vector wave number, K , representing 
the incident wave, and a unit vector, / , multiplied by the absolute val- 
ue of, IKI, which represents the scattered wave, K (i.e. K = |K| jT). 

For instance, if a plane wave front such es an acoustic 
pulse is incident upon the_scattering volume, the energy will be re- 
directed along the vector ~J . At a sufficiently large distance from the 
scattering volume, there will be an interaction between the incident wave 
and the scattered wave. The propagation of the disturbance which results 
from this interaction is represented by the scattering vector It . 

SCATTERED SPHERICAL WAVE 

,' k=K-|K|l 

SCATTERING VOLUME 

Fig. 31   Definition of Scattering Vector k. 
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The derivation of the equations governing turbulent scat- 
tering is as follows: 

The Navier-Stokes Equation: 

\d t 3 xj / 9x, 
2    dui 

3xk     dx. -Pg63l 

Eq.   (17) 

and the equation of continuity: 

dt  3x, 
= 0 Eq. (18) 

are differentiated partially with respect to x, and t in order to elimi- 
nate the time dependent velocity terms, where 

Q 

t 

P 

is Dirac delta = 1 when i = J and Js zero otherwise 

is the mass density 

is time 

is the velocity component in the Xi -thcoordinate, i =1, 2, 3 

is the pressure 

is the coefficient of viscosity. 

Neglect of second order terms as a result of assuming that the pressure, 
temperature and density, individually' are the sum of a mean plus a small 
perturbation (this procedure is valid for small amplitude acoustic waves) 
and by assuming that the wave follows adiabatic processes, yields the 
wave equation: 

V2* _ JL 9i£ = 
a' df Eq. (19) 

where 

V2 

a„ 

is a parameter of the wave such as pressure or density 

is the Laplacean operator 

is the speed of sound 

is time 
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Inclusion of terns Involving propagation parameters and second order 
quantities can be grouped in the operational calculus form: 

| P.(t) D.(V) Eq. (20) 

where 

Pk(0 is a function describing the departures from the mean of 
variables describing the local properties of the medium 
such as temperature 

D,    is a linear differential or integral operator with respect 
to space or time 

This results in the modified wave equation, 

72 v " ~h t~? = ? p»(t) Dn (V)      Eq*(21) 

When applying the method of perturbations, it is now as- 
sumed that the wave function ty after a single scattering is composed of 
the *p0 incident wave ^and a scattered wave. If it is then further 
assumed that the incident wave can be represented by 

V0 = Ae
l^'T"") Eq. (22) 

where 

A   is the amplitude 

IT   is the wave vector 

7   is the radius vector 

m        is the angular frequency, 

the second approximation to the wave function is that 

^ = % + % Eq- (23) 
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Substitution of Eq. (22) and Eq. (23) in Eq. (21) yields: 

r>1 ~ "k Id**    =  Ae' ("'7_,Bt) Q (T)      *' (2U) 

stiere Q (7)represents the results of performing the operations indicated by 
Eq. 20. 

Hie formal solution of Eq. {2k)  is 

V/V) =/ve'(K.T'-.t) - .|i||T-7'| QOO ^    ^ (25) 

where r'is a small domain near r and Q (r') is a function describing the 
relevant properties of the medium in P*. This function represents an 
acoustic pulse originating at the scattering center. 

The quantity 

^(K.7/- at) + 1 |K||r-?'| 
' |?Tpl  Eq. (26) 

can be expanded in an infinite series to that at large distances from 
the scattering element where the initial wave has not been affected by 
the redirection of energy, the second order terms in the series can be 
neglected. The scattered wave function is then 

-Ae,("'-Ü,t) 

T.(rt0~ 
Ae

A   ,,, /eiKr Q(T')d37'     Eq. (27) 

The quantity within the integral is the Fourier transform 
of the function that describes the distribution of a relevant property 
of the medium such as temperature fluctuations or wind within the vol- 
ume which is projected along the scattering vector k by the "dot" product. 

^(^STTTT      *<k) Eq. (28) 
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Equation(28)incieates that, within the small scattering region Q(r'), the 
only part of the complex amplitudes of the Fourier representation of the 
turbulence which reacts with the incident wave so that phases combined 
is the component along the scattering vector Jc (see Fig. 31)• All other 
amplitudes will combine out of phase to cancel each other. 

The directional distribution of intensity of the scattered 
energy can be formulated in terms_of the general scattering cross-sec- 
tion, o (l)  «In physical terms, o(£)is defined as the ratio between the 
intensity of scattered energy per unit solid angle in the direction 1 per 
unit scattering volume and the intensity of the incident wave per unit 
area of the wave front. The intensity of any wave may be found by taking 
the mean of the product of the wave function V and its complex conjugate 

f*brW*. Thus, the scattering cross-section is proportional to the 
ratio of the intensities of the scattered wave to the incident wave, i.e., 

x0 0 

Further, it can be shewn that the spectrum of a turbulent quantity <&(k) 
is given by the mean of the Fourier representation of the turbulence 3" and 

its complex conjugate ?? or ??* <D(K). Eq. (28)expresses the relation 

between the scattered wave function V, and ? so that ^V,* in terms of 

frfr*nay be used to give the scattering cross-section, 

oß)=-|-*(k) Eq. (29) 

where 4>(k)is the spectrum of the scattering quantity such as wind or 
temperature. 

The scattering cross-section for turbulent temperature 
fluctuations can be found by finding the Fourier transform of the tur- 
bulent temperature field and applying Eq. (29). This gives 

°T(£)=-?~*
K4

 
COS2<?

 *T^ Eq* (30) 

for the directional distribution of intensity of energy scattered by 
turbulent temperature field. The T subscript refers to temperature. A 
similar analysis for scattering by a turbulent wind field, u , gives 
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•„<£)= K
2 

8a20 

cos 
tan 

i|- E(2K sinj-)        Bq. (31) 

for the angular distribution of intensity, where E is the turbulent 
energy spectrum function along the incident wave vector Tf. 

When Eq.(31)is integrated over a sphere surrounding the 
scattering region to find the total amount of energy scattered from a 

weak shock wave, the integral is infinite (i.e. since cot-|- approaches 

infinity as $   approaches zero, an infinite amount of energy is directed 
forward). In order to resolve this discrepancy, Lighthill (Ref. 56) 
treated the scattering of ä shock wave by turbulence as being due to the 
interaction of an acoustic pulse, represented by a Fourier sum, with a 
set of turbulent quadrupoles with a velocity discontinuity (ta0) across 
the shock. He then assumes that the scattered energy propagates with 
the speed (ca0)and develops the scattering equation 

•U) = 64» r2 L 2    °     J (Hin» 
6   sin2 e 
1   a. 2L? T-+-T 

»)** Eq.   (32) 

where 1 = ' - 1 
M, 

M.= shock Mach number. 

This equation predicts a maximum of scattered energy in the 
direction in which the original wave is propagating after a single scat- 
tering, and that the Intensity of the scattered energy will obey the in- 
verse square law. Thus the scattered energy will remain finite. The 
intensity of the scattered energy depends upon the square of the wind 
speed fluctuations. 

11 has been implicitly assumed in all studies of the scat- 
tering of sound by turbulence that the interaction between the acoustic 
energy and the "-.urbulence is weak. However, Meecham and Ford (Ref. 59) 
have shown that the power spectra of the sound emitted by the turbulent 
surface layer have two forms depending on whether the emission is to the 
left or right of the peak in the inertial subrange as defined in Fig. 30. 

tion given by 
In the Inertial subrange $ (a))   is proportional to a func- 

«(«) - QV a ; M 2 (-|^-)    2 jin   db Eq. (33) 
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In the range of the larger eddies the relation Is, 

• (•)~oVajM3 (iff-)4 in   db Eq- (3»0 

where $(©) 1B the spectral density, p is the density, V is the volume 
being considered, a0 is the speed of sound, M is the Mach number of the 
turbulence defined as the RMS wind speed divided by the speed of sound, 
o) is the angular frequency of emission and £ is a characteristic 
"length" of the turbulence. A schematic expressing this relation is 
shown in Fig. 32. 

Since most of the turbulent acoustic power is emitted at 

u 
00 = 

RMS 

It seems reasonable to assume that the strongest interaction between the 
shock wave and turbulence will occur with this particular size eddy. 
This might Imply excitation of the eddy to high energy levels and sub- 
sequent re-emission of a decaying pulse of energy or, resonant scatter- 
ing. .Alternatively, this interaction might introduce a perturbation on 
the shock wave front (Ref. 60, p. Ilk). This wave would then travel 
along the shock front transversely to the direction of propagation of 
t". a shock. This effect would be in analogy of polarization of the tur- 
bulent elements postulated by Lighthill (Ref. 56). 
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Fig. 32 Schematic of Turbulent-Acoustic Radiation. 
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(4)      Critiqu» of Currant Acoustic Scattering. Theory at Applied to Shock Wavo« - 

It 16 assumed in current scattering theory, either explicitly or impli- 
citly, that the linearized wave equation holds, that the interaction be- 
tween the turbulence and the acoustic energy is weak, and that the me- 
thod of small perturbations is valid. Further, three dimensional geo- 
metry (implying homogeneous turbulence) is assumed which (Ref. 57) may 
not be applicable, particularly in view of the observed tendency of 
turbulent elements (Ref. Ul, p. 210) to elongate along the wind. In two 
dimensions, Huyghens' principle does not hold, and a pulse of radiation 
will persist as a reverberation. In addition, it is assumed that the 
method of perturbations may be used (in some cases twice) and that the 
oscillations of the scattering elements occur in a particular mode. 

The degree of complexity in studying scattering depends 
on the strength of the interaction of the incident wave with the scat- 
tering elements. If the distance between turbulent elements is large, 
it may be assumed that the scattered waves from turbulent elements do 
not Interact with each other. If on the other hand there is a high 
density of scattering elements the waves interact, and any classification 
into weak and multiple scattered waves loses its meaning.  If the scat- 
tering is weak there are two types of scattering, coherent and inco- 
herent (Ref. 58). Coherent scattering occurs when the scattered waves 
are in phase in some regions and strong reinforcement occurs. Inco- 
herent scattering occurs when all the waveB are generally out of phase 
and destructive interference occurs. The degree of coherence depends 
upon the distribution of scatterers and the orientation of the scattering 
wave vector £ . If the scatterers can be treated as being orderly dis- 
tributed in horizontal planes, and if the scattering vector It is nor- 
mal to this horizontal plane, the maximum interaction occurs and strong 
beams are- produced at intervals of (mX) where m is an integer and X 
is the wave length. 

It is fairly conclusive from the N-wave data obtained at 
Oklahoma City that the maximum of scattered energy is radiated at angles 
to the direction of propagation other than straight ahead as is pre- 
dicted by the theory which results in Eq.(27)for high frequeny fluctua- 
tions and Eq.(26)for shock wave scattering. The reason for this conclu- 
sion is derived from the statistical analysis of the Oklahoma City sonic 
boom test data presented in Section Vf.B.k.    This data shows that Test 
House h,  at which point the shock wave was at angle of approximately 
70 degrees to the ground, had consistently more spiked N-waves of higher 
relative amplitude than Test House 1 where the shock wave was at an 
angle of about U5 degrees.  If it is assumed that the intensity of the 
scattered wave falls off as some inverse function of distance from the 
scattering center (such as inverse square law for spherical waves), the 
observations mentioned above implies that the scattering vector Tf , de- 
fined in Pig. 31> is more perpendicular to the ground at Test House h than 
at Test House 1. This observation does not agree with Eq. (28)which pre- 
dicts a maximum scattering in the forward direction. Inspection of N- 
wave traces shows that the "spikes" or peaks, quite often, nearly coin- 
cide with the leading edge of the trace. This may indicate that the ef- 
fect of the turbulence introduces a perturbation on the shock front which 
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travels transversely along the shock wave with a "group" velocity which 
is    fester than the Mach number of the shock vave.    The oscillatory na- 
ture of the traces further indicates that some degree of resonance is 
present.    Some possible mean radiation patterns for a resonating scat- 
tare r are shown in Fig. 33. 

P=l AREDIPOLES 
P=2AREQUADRUP0LES 

m »10  OSCILLATIONS ARE IN PHASE 
m = ±1  OSCILLATIONS ARE 90» OUT OF PHASE 
m = ±2  OSCILLATIONS ARE 180* OUT OF PHASE 

QUADRUPOLES 

(P=2,m=0) (P = 2,mF + l) 

Dl POLES 

(p=2,m = ±2) 

(P = 1, m = 0) 

Fig. 33 Multipol» Radiation Pattern*. 

(P = l,m=±l) 
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An analytical comparison of the relative importance of the 
scattering effects of a turbulent velocity field, the scattering of a 
turbulent temperature field, and the scattering when both fields are 
present has not been made at this time. It is very likely that the re- 
sults of the observed data which are not consistent with the theory are 
a result of the interaction of the shock wave with a medium in which 
both the temperature and wind fields are turbulent. The characteristics 
of  the turbulent atmosphere deaoribed In Secaion II.C.I indicates that 
further progress in quantitatively describing the effects of the earth's 
turbulent boundary layer on the sonic boom will depend upon theoretically 
extending scattering theory to incorporate combined turbulent tempera- 
ture wind fields, a study of the effects of inhomogeneity and non-iso- 
tropy in the turbulence* flow, and concomitant experimental measurements 
to serve as a guide to the theoretical development. One of the princi- 
pal experimental problems is to determine the extent of the regions in- 
volved in the single scattering process together with, the altitude'at 
which it occurs. If this region is small and the altitudes low, the 
homogeneous, Isotropie assumption will be a good approximation. 

Work to date (see Appendix IX) has shown that the log- 
normal statistical distribution will probably describe the areal distri- 
bution of overpressures. Also, the pertinent parameters are probably 
the direction of propagation of the N-wave and, when taken separately, 
the spectrum of wind or-the spectrum of temperature fluctuations. Some 
progress has been made in merging the effects of the two fields, but it 
is not sufficiently complete to be Incorporated in this report. 

(D) MISCELLANEOUS PHENOMENA - Various considerations have beeu men- 
tioned in the previous material which could not easily be reviewed in 
e.ny of those sections. The purpose of this section is to discuss these 
considerations in detail so that they may be used in evaluating the sonic 
boom produced on the ground under various circumstances. 

(1)  RofUctlon Factor Noor Cut-off - In Sections III.A and III.B meteo- 
rological conditions were defined which could cause local intensification 
or focusing of the*shock strength. It was noted in the development of 
these criteria that focusing, if it occurred, accompanied cut-off. At 
cut-off, the shock front is locally normal to the ground. This fact 
raises a question about the value of the reflection factor,Ka, which 
should be used in calculating the overpressure. 

Consider first a weak oblique shock front in free air as 
shown in Fig. 3^(a). 
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Fig. 34  Shock Front Configurations. 

The pressure jump acrose this shock wave in free air Is 
given by P2-Pi and the streamline describing the flow is turned through 
the angle a • The reflection factor,KR, is defined as the total pres- 
sure Jump divided by the pressure jump in free air. Thus, for the shock 
configuration shown in Fig. 3Ma): 

P _ P 
KH= P -P1  =10 

If a boundary, such as the ground, is inserted then the 
flow must remain parallel to that boundary. This can be accomplished by 
the presence of a eecond (reflected) shock wave behind the first (inci- 
dent) wave as shown in Fig. 3^(b). Now, however, the total pressure 
jump across this configuration isP3-Pj. If the shock waves are weak 
it can be shown (Ref. 7l) thatP2-P! »P3-P2 so that in this case: 

P _ P 
K      -  3     l 

^B ~ P. _ P, 

(2P„ 
-*t> 

P —P 
2     1 

= 2.0 
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However, for the normal shock wave shown in Fig. 3^(c), no 
reflected wave is required to turn the flow parallel to the ground so 
that the total pressure jump across this wave is just Pj-?! i.e., the 
free air value. Thus, in the case of the normal shock wave: 

P _ P 2       1 

K» = 1T3PT = 1° 

It is obvious that KR must vary between 2.0 for the weak 
oblique sho"ck front and 1.0 for the normal shock front. This is to say 
that the reflection factor is a function of the shock angle. Exactly 
how KR varies io net fully understood at this timej however, some quali- 
tative insight may be obtained from Fig. 3^(c). If the incident shock 
angle is very near 90° and the shock wave is weak the reflected wave can- 
not turn the flow parallel to the ground. This situation requires that 
a "triple point" exist (Refs. J2  and 73)/ such as that shown, where the 
shock near the ground is normal and above it at some point the waves 
split into an incident and a reflected wave. This situation probably 
represents the transition between the oblique and normal shock fronts. 
Some general aspects c2 this problem are considered further in Refs. Jk 
and 82. 

From this discussion it would appear thatKR should be con- 
sidered a variable near cut-off. Assuming that this is the situation 
the variation of the overpressure near cut-off and focusing would take 
on the form shown in Fig. 35« 

The figure shows that an instrument mounted on the ground 
would record some increase in the overpressure near cut-off but it would 
not record as high an overpressure as predicted using KR= const. = 2.0. 

It would be desirable to determine theoretically the varia- 
tion of KR with shock angle. Some of the preliminary work has been done 
in Refs. 72 and 7^ but this work would have to be expanded to obtain 
a proper solution. It would also be of considerable interest to experi- 
mentally confirm the theoretical analysis, both concerning the variation 
of KR and the variation of the free air overpressure predictions near 
cut-off and focusing. Some possible methods of accomplishing this are 
discussed in Section V. 

(2) High Altitude Turbulence and Shower Clouds -  The problem, that of 
defoimation of the N-wave by high altitude turbulence, is essentially 
that of finding the scattered field at a great distance. This scattering 
problem is probably one in which single scattering occurs since most high 
altitude turbulence layers are thin (on the oj'der of one to not much more 
than 3,000 feet thick). This will probably result in deformation of the 
II-wave to some degree, but the extent of this deformation and the effect 
of propagation of a deformed N-wave over great distances is unknown at 
this time. 

6k 

K$OT^^ 



ISW3fifW,fTDnwnCT^iW«FKÄK^X''4^»VV! PWMViÄniViJVUWvww vifw VT« LTlVlini iT» V* .km tfTI W"W V* WWK' Uli. n.« KM «-■ n« rmm r 

■ 1 1  1 1 1 
, /' -- /AKIAbLt 

<R=1.0 
1 ! 1 

i Jt 1 j VARIABLE KR = 2.0 
, \ 

2.0 _ i 1   I 
in 

\ 1  Mill- 
- 

T t - »• VARIAT N ASSUMING CONSTANT K„- 0 n 
ae '' i;  i  i  i  i   i  i  i  i  i   i  j  i 

I /•l w 1  1  1 1  11  1 1  1  1  1  II  1  1 1 
V v -*■ -(VARIATION ASSUMING VARIABLE K„ NEAR CUT-OFF 

SU L 
■L 
_C 

-h 

-ü 
y 

-i 

"Ö 

i -c 

H i 

?< _Ji I r "T 8 

UJ 
a 

J,   
 üLu) P d; 

  

II 

«V5 
a. 
<1 

5«1 

J, - «iMnmKi« AiMutrncKE 
-,1 " NO WIND 

,ALTITUDE= 47.000 FT , 

, 

0 
1.15        1.16        1.17        1.18 
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The problem of finding the effect of shower clouds on the 
sonic boom is much greater. Data taken during the Oklahoma City tests, 
such as May 29 at OTOO and 0900 CST and May 31 at 0700 CST, indicate 
that profound modifications of the N-wave can occur as a result of these 
clouds. Cumulus type clouds (such as thunderstorms) are essentially 
vertical in character and have a relatively limited horizontal extent. 
The boundaries between upward and downward air motions and between re- 
gions cf precipitation and no precipitation indicate that study of shock 
propagation through these clouds will present a three dimensional prob- 
lem in multipath propagation, edge diffraction effects as well as the 
problems associated with turbulent modification of the N-wave within the 
cloud and in the lower levels. No significant effort has yet been di- 
rected towards finding a solution to this problem. 

(E) SUMMARY OF RESULTS — The meteorological conditions required 
to produce anomalous propagation such as focusing, complete cut-off, ex- 
treme lateral spread, and deformation of the pressure wave signature 
were discussed in this section. Criteria were established to predict 
the presence of these conditions. It was shown that realistic varia- 
tions in both temperature and wind could produce focusing or complete 
cut-off for flight at Mach numbers below 1.3. However, the focusing 
would be accompanied by cut-off which would preclude the normal doubling 
of overpressure at the ground due to reflection of the shock wave. Ex- 
treme lateral spread and distortion of the pressure wave signature due 
to interactions with turbulence could occur for flight at all Mach num- 
bers. However, the former would not occur for flight at altitudes above 
those where the maximum wind speeds exist regardless of the Mach number. 
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SECTION IV ANALYSIS OF OKLAHOMA CITY DATA 

A limited, amount of the flight test data measured during the sonic 
boom tests at Oklahoma City has been analyzed. This analysis has given 
some Insight Into the problems of evaluating the data when comparing It 
to the theoretical results. The purpose of this section Is to present 
these comparisons between theory and test data. In general, excellent 
agreement was observed In the cases considered. 

(A)  INFLUENCE OF TEST AIRPLANE GEOMETRY - Each of the test airplanes 
was considered In detail and the shock strength parameter [UYo.l)]1/2 

(see Eq. l) was determined. The theory of Bef. 75 was used In develop- 
ing the shock strength parameter for several angles of I.    The results 
for each airplane are briefly reviewed In this section. 

(1) F-104A - Geometric descriptions for the F-lOUA were ob- 
tained from the Lockheed-California Company. These data were analyzed 
using the theory of Ref. 75. It was found that for this particular air- 
plane more than two shock waves would be produced at some lift coeffi- 
cients. Special care was required in determining the proper value of 

[i ("&,#)] xl2  for the front shock wave. The results of the analysis 
are shown in Fig. 36 for several angles of 6 . The figure shows that for 
a range of lift coefficients,CL, the shock strength parameter is Inde- 
pendent of the angle 9- 
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(2) B-58A - Geometric descriptions for the B-58A airplane were 
obtained from the Fort Worth Division of General Dynamics. These data 
were analyzed using the theory of Ref. 75 for several angles of §  with 
and without the MB pod. Results of this analysis are shown in Fig. 37. 
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(3) F-101B - Geometric data for the F-101B were obtained from the 
McDonnel Aircraft Corporation. These data were analyzed using the theory 
of Ref. 75 for several angles of 0.    Results are shown in Fig. 38. 

(B)  COMPARISON OF THEORY AND TEST - A limited number of comparisons 
have beep made between test results and theoretical predictions using 
the data obtained during the Oklahoma City sonic boom test series. These 
comparisons have been generally broken into a study of two areas of the 
problem. The first concerns predictions assuming horizontally stratified 
atmospheric models. This has led to detailed comparisons of normal pres- 
sure wave traces with those predicted by the theory. The second concerns 
an investigation of deformed pressure wave signatures. These have been 
studied both statistically and in detail. 

The test data used for these computations and comparisons con- 
sisted of pressure-time traces recorded by standard NASA instrumenta- 
tion (Ref. Qk),  upper air winds, temperatures, and pressures measured 
every two hours by GMD-1A equipment, and continuous low level winds and 
temperatures obtained by Beckman-Whitley probes and wire sondes. The 
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GM0-1A data were recomputed arid interpolated in time (Ref. 76) to pro- 
vide appropriate data for computing the sonic boom strength and signa» 
ture at the ground (Ref. 8) for each test case considered. Pressure 
signature measurements taken in the vicinity of the low level micro- 
meteorological instrumentation were not available, so that none of these 
data were reduced to provide a description of the turbulence. Such 
sonic boom measurements covtld be used in a study of the interaction be- 
tween the sonic boom and loy-level turbulence using the techniques of 
spectral analysis. 

(1) Normoi N-Wav« Signatures - The detailed pressure wave signature 
was computed, for the F-1C&A, using the theory of Ref. 75» This signa- 
ture was interesting in that an intermediate shock wave was evident be- 
tween the front and rear wavos. The pressures were corrected for the 
variable atmospheric properties between the airplane and the ground by 
the method of Refs. 6 through 8. A reflection factor of 2.0 at the 
ground was assumed. The predicted pressure wave trace was then compared 
to a number of undeformed measured signatures for the corresponding alti- 
tude and Mach number of the test. Some results for the F-IO^A are shown 
in Fig. 39. 

In general the figure shows excellent agreement with the 
predicted signature. However, it is interesting fco note that the slope 
and the peak pressure of the measured front shock wave are not in agree- 
ment with the theory. This would suggest some influence of the measur- 
ing system inertia. That is, the measured wave suggests that the system 
is unable to react Instantaneously to the sharp presrure rise at the 
front shock wave. The response time lag seems to result in an observed 
peak overpressure which is from 7 percent to 15 percent lover than that 
predicted. The fact that the remainder of the measured and predicted 
pressure wave are quite close suggests that the assumptions used in the 
theory (including KR » 2.0) are correct. 

A number of undeformed pressure signatures produced by the 
F-101B have been analyzed in the same manner as described above. Some 
typical results are shown in Fig. ^0. 

These results are similar to the F-10^A results in that 
the agreement is quite close. However, the pressure rise at the shock 
waves is not instantaneous as predicted by the theory. In these cases 
the theoretical overpressure at the bow shock wave is from 5 percent to 
10 percent higher than the measured value. This, again, seems to be due 
to the observed rise rate at the front shock. In all other respects the 
theory seems to have adequately predicted the pressure signature observed 
on the ground. 

A very limited number of undeformed B-58A pressure wave 
signatures were available for analysis, These were analyzed in the 
manner described above and the results are shown in Fig. kl. 
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The figure shows that the agreement of the observed pres- 
sure trace with the theory is very,close. Sufficient data were not 
available, however, to estimate the differences between the theoretical 
and measured front shock overpressure which resultj the slow rise of 
recorded signature. 

These comparisons indicate that when considering only the 
agreement between the predicted and observed overpressure of the front 
shock wave for undeformed signatures, a reflection factor of 2.0 may 
yield results which are higher than the observed value. This may be 
compounded by the fact that measured data repeatability for the i ont 
shook overpressure may vary by as much as ±12 percent. These considera- 
tions have led to the conclusion that when comparing experiment and 
theory the whole pressure signature should be analyzed. Comparisons of 
front shock overpressure alone could easily lead to erroneous conclusions 
concerning the validity of the theory. 

(2) Distorted N-Wav« Signature» - Comparisons between predicted and 
measured F-IO^A, F-101B, and B-5&A pressure signatures were developed 
assuming horizontally stratified atmospheric models, KH = 2.0, and using 
the theory of Ref. 75« Comparisons of measured spiked waves and mea- 
sured rounded waves for the F-1C&A and F-101B are shown in Fig. h?.  and 
Fig. 1*3 respectively. A similar comparison of a spiked wave produced 
by the E-58A is shown in Fig. kk.    (No rounded waves were obtained in ehe 
limited deta observed for this airplane during the Oklahoma City tests.) 

Again, these figures seem to illustrate some effect of in- 
strument response in that the pressure rise of the front shock is not in- 
stantaneous, as predicted by theory. This is probably caused by the in- 
ability of the measuring system to respond instantaneously to the pres- 
sure rise across the front shock. It is interesting to note that in the 
caje of the spiked waves the pressure trace is generally similar to the 
predicted normal signatures with the exception of the impulses attached 
to each shock wave. The forward portion of the rounded wave is similar 
to the predicted wave but the peak is severely flattened. It would 
appear that, at one time, both signatures were of the type predicted by 
theory. Somewhere in the atmosphere between the airplane and the in- 
strument they seem to have been distorted by the addition cr subtraction 
of a pressure pulse at each shock wave. A feature of the distorted waves 
is that the portion of the signature away from the shocks agrees reason- 
ably well with the theoretical (and observed) undistorted signatures. 

In general, the maximum overpressure of the measured spiked 
front wave exceeds that predicted by theory while the overpressure of 
the rounded front wave is less than that predicted by theory. Because 
of this type of distortion of the measured pressure wave signatures, 
extreme care should be exercised when comparing only frort shock wave 
overpressure data with the predicted theoretical values. If this sort 
of comparison is 't be made, each wave should be classified as to its 
form, i.e. spike rounded, normal, or a combination of these. The most 
significant comparison which could be made are of the type shown in 
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The data in Fig. ^5 shows how atmospheric turbulence may- 
affect the shape of the sonic boom N-wave signature over short distances 
along the ground. The measurements were taken at 0730 hours, in a flat, 
open area near Lake Hefner (northwest of Oklahoma City). The overpressure 
signatures were produced by an F-ICA-A aircraft, flying at Mach 1.7, at 
an altitude of 28,000 ft. The weather conditions at the ground during 
the time of flight were: clea sky, visibility greater than 15 miles, 
barometric pressure 28.Ik  inches mercury, temperature 65 degrees Fahren- 
heit, relative humidity U3 percent, and surface wind from 210° at k2.6 
ft/sec. The radio sonde data at O7OO hours indicate a stable temperature 
lapse rate, but the strong wind and the 65°F temperature at Of30 suggests 
that a strong turbulent layer about 500 feet deep had developed. The 
sun was 12 degrees above the horizon, which implies that the ground 
heating and consequently the vertical wind velocities were negligible. 
As a result of these considerations, the low level turbulence can be as- 
sumed to be two-dim'.;nsionally Isotropie and homogeneous in the horizontal 
plane. 
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(3) Lotwral Distribution of Sonic Boom - Lateral distribution of tne 
front shock wave strength was investigated for several flights during 
the Oklahoma City tests. Theoretical predictions were obtained using 
the method of Refs. 6 through 8. Data for each flight were obtained 
from several sources. The airplane shock strength parameter was ob- 
tained from Fig. 36 for the F-1C-1+A airplane. Meteorological data 
throughout the day were obtained from rawinsonde measurements of the 
Air Force Mobile Weather Squadron (Tinker AFB). A digital computer 
program (Ref. 76) was designed to compute the appropriate data for the 
time of each flight from the rawinsonde measurements. This program 
was used to define the horizontally stratified model atmospheres for 
each flight. A nuLber of comparisons of the type shown in Fig. 39 
were used to define the ratio between the measured and theoretical bcw 
shock wave overpressure. This was done to allow proper evaluation of 
the measurements in the light of the instrument system response. From 
these comparisons an instrumentation response factor of 0.9 was selec- 
ted for evaluation of the F-IOUA front shock wa-> 3  overpressures only. 
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Theoretical prediction of the lateral distribution of the 
front shock wave overpressures was calculated for several flights with 
the above assumptions and appropriate calculated data. Th; measured 
data was classified into severe 1 groups of signature types which in- 
cluded spiked waves (noted by an S), rounded waves (R), normal waves (N), 
and combinations of these such as normal waves with slight spikes (NS), 
normal waves with slight rounding of the peaks (NR), and rounded waves 
with spikes (RS). These data were compared to the theoretical predic- 
tions for the undeformed signature, A typical set of these comparisons 
is shown in Fig. k6  for the flights of April 19, 19^. 

These data show that with the exception of the first flight 
(0700) all the normal wave traces agree to within about ±10 percent of 
the predicted value. This variation is within the experienced bow wave 
overpressure measurement error. It may also be noted that, in general, 
the spiked front wave overpressures are higher than that predicted for 
the normal wave, while the rounded front shock overpressures are less 
than predicted. This illustrates that when the theory is correctly 
evaluated agreement with measured data is quite close. 

(4) Statistical Analysis of N-Wova Amplitudes - During the passage of the 
sonic boom through the lower turbulent levels of the atmosphere its in- 
ters -tion with this turbulence produces marked effects on its shape and 
amplitudes. There is evidence that turbulent scattering is actively 
effecting the sonic boom signature. This evidence may be deducted from 
almost any measured N-wave by the following reasoning: If there is tur- 
bulent scattering of the shock wave, the changes of the turbulent struc- 
ture of the atmosphere between the instant of passage between the bow 
shock wave and the aft shock wave are very small and the front and aft 
shock waves Bhould be effected in the same way. The following experiment 
can be used to test this deduction. Pir6t, make a tracing of the distorted 
N-wave signature. Then, place this tracing below the original trace so 
that the axis corresponding to time is parallel to the original N-wave 
signature (as in Pig. Vf). Next, translate the trace (to tho left in 
this example) so that the point at which the aft shock wave begins and 
the front shock wave begins coincide vertically. Next, perform an al- 
gebraic-graphical subtraction in which values below the "zero" AP 
line are treated as negative. This procedure, illustrated in Fig. ^7, 
should restore the original form of the N-wave. Such is indeed the 
case for this signature and for a number of others that this experiment 
has been tried upon. It appears, therefore, that turbulence is scat- 
tering the energy of the sonic boom. 

An adequate description of turbulence can only be made in 
statistical terms. For this reason treatment of data from sonic boom 
tests in which the atmosphere was turbulent will require some sort of 
Boatistical treatment. 
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Usually, the first attempt to treat data Involves the use 
of the normal statistical distribution. The normal curve, which was 
first developed by deMoivre in 1753 has been studied extensively by 
many mathematicians. Its properties such as the standard deviation, 
which is a measure of the dispersion of the data, the skewness which is 
a measure of the asymmetry of the data and the kurtosis, which is a 
measure of the peakness of the data, are well understood. It is impor- 
tant to either show that the data is normally distributed or find an 
appropriate transformation to convert the observations to a normal dis- 
tribution. Otherwise, the mathematical tools such as those mentioned 
above provide a poor description of the data and a loss in the under- 
stanling of relative -Importance of the meaningful physical parameters. 
This in turn leads to poor or invalid results when the statistics are 
used for value judgements. 
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The normal distribution has a number of disadvantages 
when it is applied to the statistical study of a set of measured sonic 
boom overpressures. First, it is an infinite distribution and, if used 
for estimating the upper and lower lLnits of overpressure, will predict 
negative "peak positive overpressures" as well as infinite' peak over- 
pressures if the confidence limits are set high enough. A negative 
"peak positive overpressure" is obviously physically unreal, even a 
zero peak positive overpressure would require either locally complete 
reflection or refraction. The infinite peak overpressure is similarly 
physically unrealistic. 

Since the action of turbulence is to locally redirect 
(i.e. scatter) the energy from the N-wave according to some angular 
pattern, a consequence of this effect, when the centers of scattering 
action are randomly distributed in space above a two dimensional samp- 
ling array, is that data will be logarithmically distributed. This is 
shown for the case of scattering by a turbulent temperature field in 
Appendix IX. It therefore appears that the data should be handled by a 
transformation that has the following properties: 
• It should have an upper and lower bound. 
• It should be of a logarithmic form. 

The four parameter lognormal distribution has these de- 
sired characteristics. A complete treatment of the lognormal distri- 
bution may be found in Refs. 63, 6h,  65, and 66. The general proper- 
ties of a lognormal distribution may be considered in terms of the 
number of parameters involved. A parameter here means the number of 
quantities that are necessary to describe the distribution. The min- 
imum number of parameters is two; they are the mean, \i  and the variance, 
Q2 (the square of the standard deviation). It is to be emphasized that 
the variate cannot assume zero values, since the transformation IY» log1 X 
i6 not defined for X =0. 

If there are physical reasons to believe that a lower or 
upper bound exists, then the three parameter log-normal distribution in 
which the transformation, Y = log (X± Y ), is the appropriate one. This 
results in either a threshold or an upper bound of the distribution Y . 
The three parameters are then the mean, the variance, and either the 
upper and lower bound as appropriate. Further, if there are physical 
reasfis (such as with the sonic boom) to believe that there is some upper 
bound and a lower bound that the values of the parameter may assume, then 
the appropriate substitution is Y ■ log (X - Y ) and we have the four IW •   x 
parameter log-normal distribution in which the parameters are the mean, 
the variance, the lower bound, #,and the upper bound, Y. 

The higher order log-normal distributions are difficult to 
study analytically, particularly when the upper and/or lower bounds are 
not known. Fortunately, however, a spe.ial type of graph paper, i.e. 
logarithmic probability paper (K & E 5-680^+3) can be used with great ease. 
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The procedure for using it is as follows: First, the obser- 
vations are arranged in order of increasing value. Second, the percent- 
age of observations less than, or equal to, a given value is computed. 
This value is then plotted on the abscissa against the value of the vart 
ate on the logarithmic ordinate. The mean and the standard deviation now 
can be easily determined and the upper and lower bounds estimated. 

This method of statistical analysis is illustrated in Fig. 
k&  for a specific set of data. First, the data was ordered and the 
corresponding percentage? were found. The data were plotted on log- 
normal probability paper according to the procedures described above. 
It is apparent from these data that a simple straight line of the two 
parameter lognormal distribution will not adequately represent the data. 
It appears that there may be either three discrete sets of data inter- 
mixed or that there are some sampling fluctuations. However, since 
there are physical reasons tc believe that upper and lower bounds exist, 
any curve through the data must be asymptotic to these values. If 
statistical homogeneity is assumed, then a smooth "S" curve similar to 
the inverse tangent curve (Ref. 6U) symmetric about the 50 percentile 
value should represent the data. This is characteristic of the four 
parameter type lognormal distribution. The curve illustrated in the 
Figure represents a fit of this type curve with an upper bound approxi- 
mately 1.8 psf and a lower bound near 0.3 psf. The median value is 0.7 
psf while a one o standard deviation about the median is (+0.5, -O.3) psf. 
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The variability of data obtained from a series of sonic 
boom measurements is a function of a number of parameters. Among these 
are variations due to changes in the large scale atmospheric flow, varia- 
tion due to changes in the type of aircraft used, changes in Mach numbers, 
changes in altitude, and differences in intensity of the low level tur- 
bulent flow. 

To eliminate as many variables as possible, data for the 
F-10^A aircraft, at an altitude of 28,000 feet, flying at Mach 1,5, was 
chosen for this initial study. Further, since it is apparent that clouds 
will present a turbulent field of different character than turbulence 
near the ground, only those booms at times with less than 3/l0 clouds 
were considered. The wind records for Oklahoma City were examined, and 
in no case was the surface wind less than 10 knots for these observations. 
This implies that the atmosphere was always somewhat turbulent near the 
ground. The data was grouped at times of 0700, 0900, 1100, and 13OO 
Central Standard Time, in order to classify the data as nearly as possible, 
according to turbulent intensity. This is plotted in Figs. hy,  50, $1, 
and 52. 

Several things are apparent from these figures. 
The variability is greatest in the afternoon as would be expected. 
The variability is a function of the horizontal distance of the ob- 
servation from the flight path. Even at 0700, Test House k  at 10 
miles from the flight path exhibits large variability. 
Some of the data seems to almost indicate that there were three dis- 
crete sample populations, one at high overpressures, one near normal, 
and at low overpressure. This is particularly evident at Test House h. 
There appears to be an upper bound near a value of two times the mean 
of the observed overpressure and a lower bound near 0.3, the mean of 
the observed overpressure. 

It is probable that the angle at which the sonic boom is 
propagating is important. This is due to the fact that the turbulent 
power is greatest in the horizontal plane (Ref. kl,  p. l6lff). 

(C)  SUMMARY OF RESULTS -  The theory used in this report was com- 
pared with some of the test data obtained during the Oklahoma City sonic 
boom tests. It was found that when observed undeformed pressure signa- 
tures were compared to those predicted by the cheory the agreement was 
quite good. The pressure rise, trace length, and slope of the expansion 
region between the shocks agreed closely with the predicted wave. How- 
ever, the pressure rise at the shock waves of the measured trace was not 
instantaneous as predicted by the theory. This results in some disa- 
greement between the theory and test when only the front shock over- 
pressures are compared. Some of the deformed pressure waves were ana- 
lyzed statistically. It was found, from this analysis, that the impor- 
tant scattering parameters are the angle of the path of propagation of 
the shock wave, and the time of day as related to the turbulent inten- 
sity near the ground. 
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Fig. 49   Overpressure Distributions at lost Houses 1, 3, 4 of 0700 CST. 
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SECTIONS FREQUENCY OF OCCURRENCE OF UNUSUAL PROPAGATION 
CONDITIONS 

Any discussion of the frequency of occurrence of anomalies in the 
sonic boom overpressure and distribution must include an assumption about 
the flight profile of the airplane. In the following discussion a typ- 
ical supersonic transport is assumed which first exceeds Mach 1.0 at 
altitudes near kO,000 feet above the ground. No supersonic flight is 
planned for altitudes below this. A survey of wind speed as a function 
of altitude for the mid-latitudes has indicated that 99.9 percent of the 
time the maximum wind speeds occur at a?^titudes very near or below 40,000 
feet. 

The cut-off and possible focusing phenomena were shown in Section III 
to occur at low Mach numbers for physically possible wind speeds. For 
temperature profiles with an inversion near the ground, cut-off and pos- 
sible focusing will occur above the ground. Thus, this phenomena may 
occur when no inversion exist near the ground (i.e., approximately 50 
percent of the time). From this discussion, it would appear that cut- 
off and possible focusing under or to the side of the flight track would 
occur at least once on the ground during the low Mach number portion of 
the flight when no temperature inversions exist near the ground (i.e., 
approximately 50 percent of the total available time). Whether or not 
this phenomena constitutes a significant increase in the boom strength 
on the ground is still not resolved because of the question of the vari- 
ation of the reflection factor near cut-off. 

Extreme lateral spread is possible only in the presence of very strong 
winds with maximum speeds above 150 feet per second. However, as these 
maximum speads exist below 1+0,000 feet 99*9 percent of the time, flight 
above this altitude would not produce this phenomena. It would appear 
that because of the high altitudes selected for supersonic portions of 
the flight the sonic boom will not extend to extreme lateral distances 
to the side of the flight track. 

Considering the flight profiles contemplated for the supersonic trans- 
port, it becomes apparent that only the boom produced during the first 
and last few minutes of supersonic flight may be significantly influenced 
by the meteorological conditions between the airplane and the ground. 
The boom produced during the remainder of the flight would be relatively 
unaffected by the meteorological conditions between the airplane and 
the ground. 
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SECTION YI EVALUATION OF THE ACCURACY OF THE THEORY 

The correction factor presently used to account for the influence of 
the variable properties of the atmosphere, JPaPg, seems to be somewhat 
less than predicLed by the present theory. Comparisons with Oklahoma 
City sonic boom data indicate that the accuracy of the theory and method 
of Befs. 6-8 is quite good in accounting for the influence of the met- 
eorological conditions. However, this data is very limited in scope 
because the test airplane altitudes were relatively low where the differ- 
ences between the more sophisticated approach and yPaPg are small. 
A limited amount of high altitude flight test data is available and has 
been analyzed. These data (Ref. 80) were compared in Fig. 53 with the 
theoretical predictions using the present theory. Here again, the theory 
is in close agreement with the, test data. However, more comparisons of 
this sort would be very desirable. 
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It was shown in Section II that rpther large variations in the pro- 
perties of a stratified stmosphere cause small changes (±5 percent) in 
the sonic boom strength generated by airplanes flying at Mach numbers- 
above 1.3« These same variations produced larger changes (approximately 
±20 percent) for flight at Mach numbers below 1.3. In terms of the me- 
teorological observations, these atmospheric variations encompass a 
range in the mean absolute temperature (which is used to determine the 
pressure altitude) over the altitudes of interest of 6.6 percent. Errors 
of this magnitude in any single observation are very rare. Further, 
when it is realized that any single observation is compared with nearby 
observations during the analysis of the atmospheric flow field the 
probability of such a large error going undetected is almost zero. A 
similar comparison holds for the effect of errors in the measurement of 
wind. Thus, it would be expected that small errors in the daily ob- 
servations (say 1 percent) would cause small changes (±5 percent at the 
maximum) in the theoretical predictions even for the low Mach number 
range of flight. Based on the results in Section II, then, it would 
appear that data from present day upper air sounding are sufficiently 
accurate to be used in planning flights for the supersonic transport. 
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SECTION BI CONCLUSIONS 

The effects of varying meteorological conditions on the intensity 
and spread of the sonic boom have been investigated. This has been 
accomplished by constructing several stratified atmospheric models 
and comparing sonic boom calculatious in these atmosphere with results 
in tr>_ 0. S. Standard Atmosphere, 1962. 

It has been found that the influence of wind and temperature 
variation from standard conditions is primarily a function of Mach 
number, wfc'.le the influence of pressure variation is independent of 
Mach number. It was also determined that for flight at Mach numbers 
above 1.? the largest influence of varying the meteorological conditions 
fror, those in the Standard Atmosphere is a change in the sonic boom over- 
pressure of about ±5 percent. Flight at Mach numbers below 1.3 may re- 
sult in more significant variations. 

The meteorological conditions required to produce focusing, com- 
plete cutoff, extreme lateral spread, and deformation of the pressure- 
wave signature have been investigated and methods for predicting the 
occurence of these conditions have been established. It has been found 
that realistic variations in temperature and winds could prod"*e focus- 
ing or complete cutoff for flight at Mach numbers below 1.3.  Focusing 
would occur simultaneously with cutoff where the shock waves are normal 
to the ground, and the normal doubling of the overpressure due to oblique 
shock wave reflections would not occur in this region. Extreme lateral 
spread and deformation of the pressure wave due to interactions with 
turbulence may occur at all Mach numbers. The former would not occur, 
however, for flight at altitudes above those where the maximum winds 
exist, regardless of the Mach number. 

The flight path contemplated for a typical commercial supersonic 
transport includes extremely rapid transition through Mach numbers near 
1.0 at altitudes near or above U0,000 feet above the ground. The time 
spent in accelerating through Mach 1.3 during the initial phases of 
supersonic flight and in decelerating through Mach 1.3 during the latter 
phases of supersonic flight amounts to only a few minutes.  In this 
respect, then, it becomes apparent that for the supersonic transport 
only the boom produced during the first and last few minutes of super- 
sonic flight may be significantly influenced by the meteorological con- 
ditions between the airplane and the ground.  Furthermore, because the 
supersonic flight altitudes ar-2 generally above those where the maxi- 
mum wind speeds exist, the probability of the occurrence of extreme lat- 
eral spread would be very small. 

A number of comparisons have been made with flight test data ob- 
tained during the Oklahoma City flight test series.  Predicted and 
measured pressure-wave signatures have been compared for each test air- 
plane.  It was generally found that the pressure rise, length, and slope 
of the expansion region between the shocks of the measured wave agreed 
closely with the predicted wave. The pressure rise of the observed 
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shock va 'es ia not inatantaneous aa predicted by the theory. Thi8 has 
led to 8ome disagreement between theory and test data when only front 
shock overpreasures are considered. The presence of turbulence near 
the ground reaults in the deformation of the incoming pressure-wave 
signature and some of these deformed signatures have been analyzed. A 
statistical analysis of these data has indicated that the important 
scattering parameters are the angle of the path of the shock wave and 
the time of day as related to the turbulent intensity n.vir the ground. 

The effect of viacoBity on the sonic boom has not been included, in 
these studies. Viscosity does not significantly influence very low 
frequency waves which would constitute the fundamental harmonics of the 
sonic boom N-wave (see Refs. 85 and 86). Thus, thia would be of minor 
importance when inveatigating the propagation of sonic boom through the 
atmosphere. 
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SECTION im RECOMMENDATIONS FOR CONTINUED THEORETICAL AND 
EXPERIMENTAL WORK 

A number of aspects of the sonic boom problem still remain unresolv- 
ed. Although a substantial amount of effort has already been expended 
in obtaining an understanding of the problem, further theoretical and 

experimental work aimed at improvement and extension of the present 
theory would be desirable. The purpose of this section is to discuss 
some of the unresolved areas and to outline possible theoretical and 
experimental approaches which might be taken in seeking solutions. 

1(A)  THEORETICAL-The theory developed to date seems to be suffi- 
cient for estimating the shock wave overpressures and pressure signa- 
tures received on the ground for an airplane in steady level flight 
through a nonuniform nearly stratified atmosphere. Comparisons with 
available experiment such as those presented in Section IV have led to 
this conclusion. However, the theoretical development should be extended 
to include the effects of general aircraft maneuver and the turbulence 
effect near the ground. Some preliminary work has been done in both 
these areas. The latter was outlined in Section III.C. Further work 
should be directed toward seeking a solution of the pressure wave his- 
tory near and beyond cut-off, and toward an understanding of the effect 
of interactions of the pressure wave with regions of high altitude tur- 
bulence such as exist in towering cumulus clouds. Guidelines for these 
theoretical investigations are outlined in the following material. 

(1)  Extension to General Maneuvers - The prediction of sonic boom 
overpressures on the ground for an airplane engaged in general maneuvers 
in a nonuniform atmosphere is a quite complicated task. The ray tube 
area concept, used in Refs. 6 through 8, lends Itself to considerations 
of this sort. The expression for the ray tube area (for instance that 
presented in Appendix II) may be modified by the inclusion of terms 
which describe the distortion of the ray paths due to the maneuver. 
Some preliminary work has been done in Ref. 77 toward the development 
of the required terms. 

In addition to developing these terms, one of the major 
problems involved in making sonic boom estimates for a maneuvering 
airplane is the obtaining of a description of the shock front intersection 
with the ground, and the location of the points at which this front may 
cusp (or fold over on itself) to form a focused so called "super" boom. 
The transformations between the ray intersections with the ground and 
the shock front location are extremely complicated because of flight path 
and velocity variation, and because of variation in the atmospheric prop- 
erties. At the present time, it is felt that the shock front can be lo- 
cated by trial and error (Ref. 6). Furthermore, the ray tube area con- 
cept cannot account for the situation when two rays generated by the 
airplane at largely different times reach the ground at the same point 
and time (shock front crossover). This situation could occur when the 
airplane is engaged in a short radius circular turn (Fig. 7, Ref. 78). 
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Both the cusp and the shock front crossover are regions which should re- 
ceive special attention when investigating the shock strength distribu- 
tion on the ground. The work which has been referenced above would 
prove useful in any future theoretical development. 

(2)  SSiock History At and Beyond Cut-off - The region near the cut-off 
of the boom is not fully understood. In aerodynamic terms it consists of 
a region of mixed flow where in an area slightly before cut-off the flow 
is supersonic and in an area beyond cut-off the flow is subsonic. In 
physical terms this means that a shock wave cannot exist beyond cut-off. 
However, some sort of pressure distribution will be propagated through 
the air. The type of disturbance is properly illustrated in Fig. 5. 

A number of approaches may be used in seeking a solution to 
the shock wave history in this region. One of these might be to extend 
the Whitham theory of Ref.. 2 to account for variable speed of sound in 
the supersonic region. This would allow the description of the pres- 
sure perturbations generated by the airplane to be described up to the 
cut-off. The subsonic description might be obtained by the classical 
methods outlined by Prandtl (Ref. 79). The two solutions could then be 
investigated in the region of the cut-off to describe the transition of 
the pressure distribution from the supersonic shock wave to the sub- 
sonic pressure wave. The variation of the reflection factor, KR, should 
also be investigated in the same region. 

(3)) Extontion of Analysis of TurbuUnt Effects - The theory of scattering 
of acoustic and shock waves inherently postulates a weak interaction be- 
tween the acoustic or shock waves and the turbulent field. This allows 
the assumption, that the wave length of the acoustic energy is much less 
than the wave lengths of the turbulence to be made and results in con- 
siderable simplification in the theory. At the wave lengths associated 
with the sonic booms produced to date, this approximation is of extremely 
dubious validity and will become even more so for larger aircraft. 

Two possible alternative explanations may be offered to ex- 
plain the spikes observed in the N-wave traces such as those from Okla- 
homa City. First, they may be the result of coherent scattering in which 
the phases of the waves combine at certain points so as to give rein- 
forcement. Coherent scattering can occur when the interaction is weak. 
Alternatively, the spikes may be due to strong, resonant interaction be- 
tween the shock waves and turbulent eddies. This type of interaction 
is extremely nonlinear and the terms usually neglected in the partial 
differential equations must be retained. In addition, if there is strong 
interaction between the N-waves and the turbulence, the separation of 
the cross-sections into one due to temperature and one due to wind is 
incorrect. Consequently, effects of a random temperature field and a 
random wind field must be considered simultaneously. The resolution of 
the problem of the mode of interaction between the sonic boom and"tur- 
bulence can only be made by appeal to experiment, since the only "a priori" 
reason for preferring one scattering mode to the other, is the require- 
ment that the eddies have an ordered, spatial distribution for coherent 
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scattering. However, an exact physical description of turbulence is ] 
lacking at the present time and this requirement for an ordered distribu- | 
tion cannot be either used or rejected. I 

Appeal to such experiments as the closely spaced microphone \ 
arrays used during some of the Oklahoma City sonic boom tests tentatively J 
indicate that coherent scattering does not occur. For instance, if the . 
records frcm Mobile 1, Plight 2 on 2 April 196^ are considered, spikes | 
should occur at intervals at least every 196 feet (the wave length of 9 
the fundamental harmonic of the "free air" N-wave), or very close to j 
every microphone for the 200 foot spacing of this array. This rises frcm 
the requirement considered in Section III.C for a resonant peak at in- 
tervals of (mX) where m is an integer and X  is the wave length of the 
fundamental N-wave harmonic. This is not the case. Rather, a regular I 
progression from a peak value of overpressure to a minimum is observed j 
over a distance of 80O feet. Coherent scattering can thus be tentative- 
ly ruled out in this case. The further observation can be made that the 
cross-section (i.e. the area affected by the eddy) must be at least 570 j 
feet in radius; possibly as much as llUo feet. For these sizes it is 
implied that there is some degree of resonance. • 

For this reason it is suggested that the analysis of the 
interaction of the sonic boom be extended as follows: 
• Extend the mathematical analysis to include the study of strong 

scattering. Green's functions, the Fourier transform (or possibly 
the 3-dimensional LaPlace transform) and of spherical harmonies can 
be profitably applied to this study, since a more general type of 
solution can be generated by this technique. Currently, initial steps 
have been made in this analysis, but are not sufficiently complete to 
include in this report. 

• Analysis of a representative sample of the Oklahoma City micrometeoro- 
logical data to determine the spectral densities of temperature and wind. 

• Consideration of the nonhomogenous turbulent-scattering problem in 
which reverberations can occur. 

Providing an analytical solution of this problem can be 
achieved, reasonably exact statements about the spatial distribution and 
the maximum values of the overpressure as well as the wave-length of the 
spikes, can be expected for the case of single scattering. 

Multiple scattering is a very difficult problem and progress 
will be slow in this case. 

The problem of propagation through convective clouds should 
be studied to some extent since anomalous propagation almost surely oc- 
curs.. The internal structure of convective clouds is sufficiently well 
known that a preliminary study can be made, neglecting turbulence. 

(B)  EXPERIMENTAL - Additional experimental confirmation of the 
theories presented in this report would be desirable, especially near cut- 
off. Controlled experimental data would also be helpful in understanding 
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more about the effect of turbulence on the pressure signature. A teat 
program la briefly outlined lc the following naterial which might yield 
useful data in both of these areas. 

(1)   Mooturomont of Shock Strong* At and Beyond Cut-off, Stoady Flight - 
It was noted In Section III that local intensification of the boom may 
occur o:^y simultaneously with cut-off. It was further observed that 
the reflection factor, KR, might also vary in the same region. A 
series of field tests could possibly verify both of these postulates. 

The theory and method developed in Refs. 6 ♦trough 8 in- 
dicate that the free air overpressure (i.e. accounting for no reflection) 
may Increase rapidly in a very small region near cut-off. This is il- 
lustrated in Fig. $k for the free air overpressure under the flight track 
of an airplane In steady flight in a headwind. 

The figure shows that the theoretical intensification of the 
free air overpressure takes place over a very short distance. If an air- 
plan« were flown over an instrumented tower at nearly the cut-off Mach 
nvmber for the conditions of the flight the variation of shock with dis- 
tance might be measured. These measurements could be compared with theo- 
retical predictions for the same meteorological and flight conditions. 
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The tower height should be in excess of 1000 feet and should 
contain a dense array of microphones at regular intervals along its 
height. It should also be equipped to continuously measure wind velo- 
city and temperature at regular intervals along its height. The surround- 
ing terrain should be relatively flat and the area near the ground should 
be such that relatively quiescent conditions exist at some time during 
the day or night. This would be to avoid possible interactions with 
turbulence near the ground whirh may make data interpretation difficult. 
Facilities should be available to obtain good forecasts and measurements 
of the wind and temperatures between tha airplane and the ground so 
that each flight may be programmed to obtain cut-off under the flight 
track near the ground. Facilities should also be available for tracking 
the airplane flight path and coordinating it with the tower instrumenta- 
tion. The flight path should be directly over the tower and directed 
generally into the wind. One possible location for these tests might 
bs the BREN tower located at the AEC Nevada test site. 

«   In addition to the free air microphones a set of microphones 
might be mounted on reflecting boards at the same regular intervals to 
obtain the variation of KR near the cut-off. This could be accomplished 
by comparing the two simultaneous sets of measurements. 

The same type of facility may also be useful in obtaining 
measurements of the turbulent scattering phenomena at various levels a- 
bove the ground. Flights could be made over the tower during the time 
of day when there is the greatest probability of turbulent activity in 
the area near the ground. Details of this portion of the test program 
are outlined in Section V.B.2. 

(2)     Mooiurtmtnt» of Prosturo Wovo Distortion by Low Altitude Turbulonco - 

Present indications are that the single scattering interaction of the 
sonic boom with turbulence is most important from an overpressure stand- 
point. It is probably limited to the lower 1000 to 3000 feet of the 
atmosphere. If the turbulence extends to greater depths, the probabil- 
ity of multiple scattering increases. A further indication is that the 
distribution of the spike amplitudes in single scattering is trigonom- 
etrically distributed. It would be very desirable to determine the 
effect of turbulence at various levels above the ground. The preferred 
setup for this purpose would be a fixed installation such as a high 
tower with microphones both on the tower and on the ground around it, 
no further than the "free" air wave length of the sonic boom apart and 
arranged to obtain the overpressures over an area on the order of eight 
wave lengths on a side. The tests should include tests at various angles 
of incidence of the N-wave, and under varying wind speeds ana vpr+'ical 
temperature lapse retes. It must be pointed out that a series of runs 
will be necessary, since the eddies are randomly distributed. 

The BREN tower at the AEC Nevada Test Site is 1527 feet 
high, is instrumented meteorologically and is remotely located from 
inhabited areas. It would seem to be an excellent facility for experi- 
ments of this kind. 
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APPENDIX I VARIATION OF KA WITH HEIGHT OF GROUND ABOVE MEAN SEA 
LEVEL (MSL) 

The location of the ground above mean sea level will have an tffect 
on the atmospheric correction factor, KA (see Eq. (2)). The curves In 
Pigs. 1-1, 1-2, and 1-3 vere prepared to facilitate prediction of this 
effect for areas of the country which lie significantly above 0 feet 
mean sea level. 

These curves vere developed assuming U. S. Standard Atmosphere, 1962 
conditions from 0- feet mean sea level in each case. Thus, the tempera- 
ture and pressure at the ground in each figure vere taken as the standard 
values at 2000, UOOO, and 6000 feet above mean sea level respectively. 
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APPENDIX II A REVIEW OF THE THEORY FOR SHOCK WAVE PROPAGATION 
THROUGH A NONUNIFORM MEDIA - 

TLe purpose of this section is to summarize the results of the work 
of Refs. 6 through 8. Specific details concerning the development of 
this theory may be obtained from Ref.. 6. Basically, the results describe 
second order perturbations in particle velocity, pressure, and density 
behind a weak shock wave in terms of the first order undisturbed quan- 
tities. The assumptions are: (l) that the third order perturbations 
are small compared to the second order perturbations so that they may 
be Ignored, and (2) that the shock wave propagates with the velocity 7 
which is a function of its strength, i.e. 

T-.[i+*#A*r 
Furthermore, it is assumed that the rays which describe the path of 

propagation of the shock wave and the ray tubes, which are formed by 
bundles of the rays, propagate independently. 

Before summarizing the results, some nomenclature will be established. 
The coordinate system shown in Flg. II-l will be used in this and the 
following sections, HI through VTI. 

y 

W 
w 

z 

PROJECTION OF RAY 
IN X-Y PLANE 

V(+) 

\>-£ 
$ 
\      FLIGHT TRACK 

U(+) V.= AIRPLANE 1 AIRSPEED 

Fig. JJ-J Coordinate System and Wind Axe«. 

PROJECTION OF 
RAY IN Y-Z PLANE 

N 

The subscript "R" notes quantities in the ( £ , i\ ) coorinate aystem 
rotated through the angle $ to coincide with the initial ray direction. 
Starred quantities note winds relative to those at the airplane so that 
U*=U(z)-U(z=0). The subscripts "a" and "g" refer to the value 
of the quantity at the airplane and the ground respectively. No sub- 
script indicates the value of the quantity at any point between the air- 
plane and the ground. 
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The following is a review of the equations used to compute the 
shock wave strength in nonhomogeneous media.    Distances are measured 
from the airplane and the coordinate system is taken to move with the 
airplane (and hence with the winds at the airplane altitude). 

The equations of the rays in the £ , r\  , z system are given hy: 

_d_L_ *R  a + U,» 
dz I»R  S Eq.   (II-la) 

d»i VR* 
dT = 1TT Bq. (Il-lb) 

d_t_   1 
dz     HRT ■»• (H-lc) 

—[öKMfiH Eq.   (Il-ld) 

^V.cosg-U,* Eq. (H-le) 

nR=-<1-^R^1/2 Eq.   (Il-lf) 

1(* 
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Transformations between the x, y, z and the | , r\   , z systems 
ore given by: 

x =  £ cos 6   —  n sin e Eq.   (Il-2a) 

y -  5 Sin*    +   n  cosfl Eq,  (ll-2b) 

UR*   =    U*COS0    +   V*Sinfl Eq.  (Il-2c) 

VP'   =   -U*sin*   +    V* COS 9 Eq.  (Il-2d) 

COS0 — 
[l+(M2-l)c0S2q>] 1/2 Eq.   (H-2e) 

r2_i\l'-V sin* = r  ^M^-D^cosy 
[l+(M2-l)cos2<p]1/2 Eq. (H-2f) 

Transformations oetween a fixed ground system X, Y, Z and the 
x> y>  z system are: 

X = x + U (O) t 

Y ~ y + V (O) t 

Z = z 

Eq. (II-3a) 

Eq. (II-3b) 

Eq. (H-3c) 
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where 

U(0)= U(z=0), etc. 

Some necessary auxiliary relations are as follows: 

U* =   U (z> - U (0) Eq.   (Il-ira) 

V* =   V(z)- V (CO Eq.   (il-Ub) 

M   = 
Va 
a(O) 

Eq.   (r.-kc) 

a (z)  = a (z) 1 + Y + 1      _AP_ 
2 Y      P (z) 

1/2 

Eq.   (Il-itd) 

W*   (Z) = 

d5 dij 
UR*  dT ±  VR*dT 

ds 
dz 

Eq. (Il-lre) 

where a(z) is the ambient sound speed in the atmosphere, and 
P(z) is the ambient pressure in the atmosphere. 

The shock wave may be located on the ground in the X, Y, Z, 
system through the following transformations for steady level flight: 

X.hocc = x + U(0)to- V.Ct-t.) Eq. (Il-5a) 

*.*«* = y+v(0)t: Eq. (II-5b) 
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where t    ■ t for the op ■ -90° ray to reach the ground. 
o ■ 

The ray tube area is given by: 

A(z)=S (va~ <*>s *)H + V • 1* h/a 
sin ^ Eq.   (II-6) 

where 

V,= Ma(0) 

■=/> Jo     nR 

The shock strength   r$f\\    >  is given by: 

23/4 M3/4       Y_ 

(M- 1)1/4     (Y-|-1)1/2 
D(O) 

A P _ 
P(z')       a(z')B(z') 

I(Y0.«) 
H/2 

/ 

z' #§- • dz 
dz 

(w*+a)z 13 (z) 

1/2 

where 

B(z) = 

1/2 

A(z) P(z) 
a(z) Q(z) 

Q(z) =  exp 

Eq.   (II-7) 

iz.dw*_(Y^ w*n   d£_ 2   da\ 

(w*+~a~)      ' 
/     dT       2    w  \P dC      a dC 

D<0) = [nR
2   (0) cos2fl +sin2g]      P(o) 

a(0) 

l/» 

P(0)=   P(z = 0), etc. 
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numerical solutions may be obtained by an iteration procedure 
where in the first iteration the assumption a(z) = a(z) may be used. 
The second iteration may use ä(z) computed using the first value of 

p/ \    and so en. It has been found that in regions away from cut-off 

and focusing the Iteration converges quite rapidly. 

The above equations are developed in Ref. 6 (see also Refs. 7 
and 8). The equation for the ray tube area, given here, (Eq. (II-6), 
is an improved, more accurate version of the aquation in Ref. 6 and is 
developed in the Appendix of Ref. 7. 
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APPENDIX HI DEVELOPMENT OF AMBIENT PRESSURE EFFECT ON BOOM 
STRENGTH - 

The equation for the sonic boom overpressure on the ground under 
the flight track for no wind may be obtained by specializing Eq. (II-T). 
The result Is: 

_ (igci>p*rv+T)T7>\ut)   I1 (yo»-90)J 
= , __-! 1 !  ' M   I      I If»,     QfiY '"""" 

AP . 
It" 

-*r/j dz 
l/i 

where 

AP ■ Sonic boom overpressure 

Pg ■ Ambient pressure at ground 

Pa" Ambient pressure at airplane 

M" Airplane mach number 

Y ■ Ratio of specific heats 

I (Yo, —90*) » Airplane shock strength parameter 

ag ■ Sound speed at ground 

aa« Sound speed at airplane 

A - Bay tube area 

z a Distance measured down from airplane 

S= Distance measured along ray path 

The ray path and ray tube area are primarily functions of the tem- 
perature variation In the atmosphere. The effect of variations in 
ambient pressure can be obtained by allowing only the pressure-height 
curve to vary, and by dividing the above equation using the standard 
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pressure-height curve by that using a nonstandard curve.    Because the 
temperature-height curve is assumed to remain constant, the result is: 

UP.u.   j 
\        pnM./adtr 
* 'at. t«dc 

P P1/4 

II   * 
Pg»/» 

t P ) A P ) GR 
(P )i/a 

/«» & dz 
i/* 

J.   ..(^)- ■td. 

/■• ft «■ 
1/2 

;.   ..(AE)"1 

As variations from the standard pressure-height curve in the 
real-atmosphere are generally small it may be assumed that the Integrals 
will remain approximately equal.    Thus the relationship becomesi 

UP.*.   / 
HI. truck 

P, 

|(PfW 

1/2 
P. 

(P7)..d. 

l/A 

Eq.   (k) 

This relationship was compared with computer program output in 
Section II.B.2 to check the validity of the assumptions. It was seen 
that the assumptions arc acceptable. 
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APPENDIX II DEVELOPMENT OF GENERAL EQUATION FOR LATERAL CUT-OFF 
LOCATION - 

Consider a general temperature profile such as that shown In Fig   IV-1, 
In which the temperature between any two significant levels Is assumed 
to vary linearly. 

S 

§ 

TEMPERATURE 

Fig. H-1   Cancraf Twnpvrafur* Pro///«. 
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For any portion of this profile a ray path is described by Eqs. 
(II-la) and (II-lb). Assuming no wind the first of these becomes: 

dz  nR  \n|  V 

Further the lateral (y) displacement of the ray for no wind 
(Eq. (H-2b)) is: 

y = I sin* 

= sin« /[*-'] 
1/2 
dz 

Employing the definition of nR from Eq.  (II-If), assuming that 
5= a, and putting V, in terms of Mach number,  M=Vt/aapi   the above 

becomes: 

y = sin0 fv SL 
(Mcostf)2-(5&-)

1 dz 

•PI 

Integration of this equation can be facilitated if tb- variable 
of integration, z, is put in terms of a/a,p|. Assuming that the sound 
speed, a, also varies linearly between two points (valid as long as the 
lapse rates are of the magnitude normally encountered) the relation 
between a and z may be written as: 

a= an+a (z--z ) 
n   n      n 
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where 

an ■ Sound speed at level zn 

on ■ Sound speed lapse rate between levels zn and z , 

ap+Tan 

Zn+TZn 

Using the above expression 

dz = 
a «pi 

d Uspi) 

so that 

a«pl .  /•*■ + ! 

The lateral location of any ray is given by the summation of the 
above integrals for each significant level between the airplane and the 
ground. The integration and summation yields: 

M« i—l '- - ™    ' **■- *■"' *'"   ' ,JI- <">'' [(Mcos (»'-(fe)2]^- [<Mcos ^)2-te)2]' y = aiplsin«^ 

where "j" represents the values at the last significant level 
(in most cases the ground).    The last ray to reach the ground (or last 
significant level) is the one for which the direction cosine, tH   ,  is 
equal to 1.0 at the level where a = amax.   Using Eq.  (il-le) the angleö 

of the last ray is given by (assuming ft ■ a, and no wind): 
max 

H     xv       Mcose 
or 

MCO80:-   ^^ 
a«pl 

and 
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Using these expressions and the definition for  a„, the lateral 
location of the last ray to reach the last significant level is given 

Jm«   L      VM    a^,/ J    Z^ an+1-an lzn+1-«„) 

Eq.(6) 

In some cases the temperature between two levels does not change, 
as in the stratosphere of the standard atmosphere. Assuming that this 
occuro between levels zm and zm+, (i.e. am-ara+l) the term involving 
(Zm+i-Zm) would become indeterminate. The simplest method of obtaining 
the form of this term is by taking the limit using L1Hospital's rule as 
am—am+i„ Thus, this term becomes: 

ii/a    r   s -i 1/2 

Lim       = 
«m-Am-H1 

Llm    [aL-<] -[aL-yJ   /z    _z \ 
m~*am+1 am+1-am V  »+*      -/ 

=       Lim amlanux-am   |        /g _z     \ 
am      am+l x 

=  !a±i , /z       _ *  \ 
7?   -a1    ) v m+l     m/ vam«x        am + l' Eq.(7) 

To illustrate the application of this relationship, Eqs. (6) and 
(7) have been applied to the U.S. Standard Atmosphere, 1962 (Ref. 1) 
wheream«x would occur at the ground, i.e.,ankX " ag. Thus, for an air- 
plane flying between 36,000 feet and the ground": 

ynu, "L1 \M  aj j  a,-a.  <V 

For an airplane flying between 36,000 and 65,000 feet: 

9   i/o ( T   2 2 "I*/* 

»u-Hi9]   felvJ^   <36,00»,; 
And for tin airplane flying above 65,000 feet. 

'--4-G#r [a,-a2J12-[a;-a2
65.ooo] 

1/2 

a 65,000       a. 

a 
+ r 2136'^    -11/2 (29,000) + 

Lag        a36,00oj 

ra2-a2      l1 
Lag      tt36.000j 

a«_ a36.000 

V    05,000/ 

(36,000) 
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1 
APPENDIX I DEVELOPMENTOF FOCUSING CRITERIA UNDER FLIGHT TRACK 

The ray tube area expression, Eq. (n-6), Is repeated below: 

A= S [(# -».,)„„]'+ [#- .in,]" 
1/2 

Eq. (II-6) 

The shock strength will increase if this quantity vanishes as 
it appears in the denominator of the expression for the overpressure 
Eq. (II-7). The ray tube area can tend toward zero only if the expres- 
sion inside the brackets tends toward zero as S is the length of the 
ray. Seliiug A« 0,  specializing 'this "for no'wind, and invcsxigating 
the ray under the airplane ( $  - 0) this becomes: 

nB= o 

Tue quantity nR Eq. (II-If) is the direction cosine of the normal 
to the shock front with the z axis and is given in general by: 

n„ = 
a 

|/  \V. cos« ■=jrtr 

assuming that the shock front propagates at nearly the local speed of 
sound. When this quantity is zero the shock front is normal to the 
ground. Thus for no wind and 6*0°,  A can tend toward zero if V, »a. 
Putting this in terms of the Mach number and specializing it further 
by assuming that the maximum speed of sound occurs on the ground (i.e., 
n ■ 0 only at the ground) 

MFOCU« — ä^" Eq.(9) 

From this discussion it can be seen that focusing occurs simul- 
taneously with cut-off (nR- 0). 
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For the case with wind and $ - 0 it is evident that: 

[$-H'+$)= 
for focusing to occur. It can be seen that this is impossible unless 
VR is also equal to zero. Making this additional assumption the above 
expression becomes: 

(£->— 

This leaves two choices. Either UR ■ V„ which is physically unlikely, 
or nR ■ 0. Using the second choice and putting Va in terms of the Mach 
number. 

M 
_ a , u£__ (a-m)-u. 
-1;+ C~ ~"   a. 

Assuming that cut-off occurs at the ground this becomes 

MFocu.~ ST Eq.   (11) 

It is apparent that the maximum value of (a + U) must occur at        j 
the ground for nR ■ 0 at the ground. Here toe, cui -off and focusing 
occur simultaneously. S 
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APPENDIX n DEVELOPMENT OF LATERAL FOCUSING CRITERIA 

Considering the entire ray tube area expression Eq.  (II-6) it is 
apparent that it can go to zero if, and only if, both portions of the 
term in the brackets go to zero simultaneously.    This requires that: 

^_CO8«)ilR=0 

V* 
^-B. — sin 0 = 0 
» a 

at the same location. Here again two possibilities are open. These are 

U* V* V* 
tnat —Ü - cos 0 « 0 when _J1 - sin $ ■ 0, or n_ ■ 0 when _JL - sin 0 ■ 0. 

V. V. R       V. 

It can be shown that the first of these leads to 

Vu*2+v*2 = v. 

which is physically unlikely.    Investigating the second a simultaneous 
solution must be sought for: 

tMcos*--^5. 

&-± sin 8 = 0 
M 
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A solution for the value of V* required in terms of the Mach number, 
U*, and sound speeds can be obtained if the following transformations 
are used: 

U* = U*cos* + V*sin* 

VR= -U*sin*+V*cos* 

1 cosfl = 
[l + (M2-l)C0S2q>],/2 

Eq. (Il-2c) 

Eq. (Il-2d) 

Eq. (Il-2e) 

sin0 = 
(M2-l)l/2cos<p 

[H-(M2-l)cos2«p]1/2 Eq. (ll-2f) 

After substituting these in the above expressions, equating them, 
and after some algebraic manipulation it can be shown that: 

a, 
I^H+(*)>■(*) *"MfrteT 1/2 

Eq. (VI-1) 

This relationship was used in developing the curves in Fig. 25. Here 
again it is evident from the derivation that focusing and lateral cut-off 
(in this case) occur simultaneously. 
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APPENDIX in DEVELOPMENT OF EXTREME LATERAL SPREAD CRITERIA 

The sonic boom distribution can extend over large lateral distances 
if the ray which leaves the airplane in the x-y plane (Fig. 11-^) 
reaches the ground. The conditions required to produce this effect can 
t* obtained from an investigation of the expression for£R, Eq. (Il-le). 
For any ray to reach the ground I     < 0 throughout the path of propa- 
gation. R 

Thus: 

L    J   M cos *-äf 

The two rays which leave the airplane in the x-y plane are the 
1    ■ 0° and V  = l80c rays. Using the relationships between $   and * , 
Eqs.(ll-2e) and (ll-?f) for 9  = 0° and l80°: 

COS0=j^ 

sin e = ± —^— 

Thus, the ray in the x-y plane will reach the ground if 

i. 
s?<0 

»-» 

Rearranging this, the wind required to produce this effect is given 
by: 

U* < aa — a 

The quantity UR can be "ritten as 

UR= U*COS0 + V*sine Eq.  (Il-2c) 
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which for the * * 0" or 100° ray becomes: 

.,*_U**(M2-1)1/2 V* 
UR~ M 

_U±(M2-1)1/2 V    U« :fc(M2-1)1/2 V. 
M M 

Using this in the above inequality and rearranging slightly 

a.  , U. * (M*-l)1/2 V.     a     U± (M2-l)1/a V 
M M 

or 
At>A Eq.   (12) 

This expression shows that for the ray in the x-y plane to reach the 
ground the value of the expression for A at the airplane (Aa) must be 
greater than at any point between it and the ground. 
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APPENDIX 2m REVIEW OF ROUTINE CALCULATION OF SONIC BOOM IN 
STANDARD AND NON-STANDARD ATMOSPHERES. 

In order to aid in obtaining rapid estimates of the sonic boom pro- 
duced in a real atmosphere the information of Sections II.A.U, and II.B. 7 
is repeated here. These methods must be used with extreme care for making 
estimates at Mach numbers less than about 1.3. The criterion developed 
in Section III should be checked for flight at these low Mach numbers to 
determine if anamalous propagation may occur. The conditions which can 
cause complete cut-off are given in Sections III.A.l and III.B.l. The 
conditions which can cause focusing at the ground are given in Sections 
III.A.2, III.B.2, and III.B.3, while the conditions which can cause ex- 
treme lateral spread are given in Section III.B.^. 

A. CALCULATIONS IN STANDARD ATMOSPHERE - Once the airplane geometry 
inputs, I(Y0 ,8),  (see Eq. (l)) have been established for each altitude 
and Mach number of interest, routine calculations of sonic boom strength, 
lateral distribution, and lateral extent for steady level flight in the 
U.S. Standard Atmosphere, 1962 may be obtained in the following manner: 

(a) Compute AP mdeT  nt trtck   from Eq. (2) and Fig. 2 for each 
Mach number and altitude. 

(b) Compute lateral distribution of the boom strength from Eq. (3) 
for each Mach number and altitude. 

(c) Obtain the location of lateral cut-off from the curves in Fig. 
k for each Mach number and altitude, and terminate the lateral distribu- 
tion of boom strength at this point. 

B. CALCULATIONS IN NON-STANDARD ATMOSPHERE     The method for calcu- 
lating sonic boom distribution on the ground was outlined above, for the 
U.S. Standard Atmosphere, I962, with no wind. A similar procedure would 
be used in making routine estimates for a general atmosphere with wind. 
The following method should be used with extreme care for Mach numbers 
between 1.0 and 1.3, especially in cases when wind shears are to be 
considered. Criteria for meteorological conditions which can cause 
anomalies in the overpressure and distribution of the sonic boom are 
developed in Section III. These should be checked when making calcu- 
lations in the above Mach number range. 

Once the airplane geometry influence, l(Y0,8),   (see Eq. (l)) has 
been determined for each Mach number and altitude of interest the cal- 
culation of sonic boom strength and distribution may proceed as follows: 

(a) Calculate A P m6eT flt track from Eq. (5) and Fig. 2 (or Appendix 
Figs. 1-1, 1-2, or 1-3) for ground located above 0 ft. MSL for each alti- 
tude and Mach number. 
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• The variation of the temperature correction factor, KT , may be esti- 
mated from Pig. 8, with the value at Much 1.2 estimated from Fig. 9» 

• The variation of the correction for wind tshears with Mach number may 
be estimated from Fig. 12 with the value at Much 1.3 taken from 
Fig. 13. 

(b) Compute the lateral distribution of sonic boom strength from 
Eq. (3) for each altitude and Mach number. (Caution must be exercised 
when estimating the lateral distribution for low Mach numbers and high 
winds, Fig. 15). 

(c) Obtain the location of lateral cut-off from Eq. (6) and Eq. 
(7) for each Mach number and altitude, and terminate the lateral distri- 
bution at that point. (Effect of moderate winds on the lateral cut-off 
location may be estimated from Fig. 19.) 

The above procedure is illustrated schematically in Fig. VIII-1. 
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MACH NO. = 
ALTITUDE» 

M 

-A PuNDER 
FLIGHT TRACK 

CL 

<1 
LATERAL DISTRIBUTION 
EQ. (3) 

LATERAL DISTANCE 

Fig. JUU-I   Routina Calculation of Sonic 800m. 
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APPENDIX H DATA TRANSFORMATION FOR TURBULENT SCATTERING 

The statistical study of sonic boom overpressures requires an ap- 
propriate transformation of the test data.    The form of this transforma- 
tion may be determined by finding the probability distribution of a ran- 
domly located set of measurements in an arbitrary plane from the mathe- 
matical description of the scattering of the shock wave by the turbulence. 
The geometry of finding the data transformation is shown in Fig. IX-1. 

POSITION OF SCATTERER 
ABOVE GROUND 

DIFFERENTIAL OF 
PLANE AREA 
CONSIDERED IN 
TEXT 

GENERAL DIFFERENTIAL 
OF PLANE AREA 

Fig. J3T-J   Goomotry for Determining Probability Distribution 

In this figure a turbulent temperature or wind element at (A) has 
scattered the energy symmetrically in the angle <p about the direction 
of the shock propagation IT. A number of intensity measurements of the 
scattered field are made by microphones placed randomly in the (x,y) 
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or ground plane and It Is desired to treat the measured data statistically. 
She actual, form of the probability distribution of the measurements can be 
found from the probability theorem, 

P(x,y)= yyf(x,y)dxdy        Eq. (EC-l) 

which states that the Joint probability P(x,y) of a given value of a 
variate f (x,y) occurring in the region R In the (x,y) plane is equal to 
the Integral of f(x,y)over the region R. The cross-Bection o(^) 
discussed in Section III-C-3 gives the distribution of the scattering 
intensity in terms of the solid angle. When this distribution is pro- 
jected on the (x,y) plane, it gives the desired function f(x ,y) , thus, 
the probability distribution becomes: 

p(y) = fo <7) • dA Eq. (IX-2) 

where:   I  is the observed Intensity of the scattered wave 

I0 is the Incident Intensity of the original wave 

dA is the vector differential area In the (x,y) plane 

of/)is the scattering cr. «-section discussed In Section III-C-3 

If the definition of Eq. (IX-2) Is extended to a number of scattering 
centers, randomly located in space above a single fixed microphone, the 
probability distribution becomes: 

P({J= L  / • C^) • dA, Eq. (EC-3) 

where the "i" subscript refers to one measurement taken of a single 
scattering event of an ensemble of such events. 

Figure DC-1 shows that if the incident wave vectorK, is not per- 
pendicular to the (x,y) plane of observation, the problem is geometri- 
cally complex, requiring the Integration of elliptic functions. To 
illustrate how the form of the probability distribution of the measure- 
ments may be obtained, a simplified case of scattering by a turbulent 
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temperature field is developed where the N-wave is propagating in a di- 
rection perpendicular to the plane of observation (the ground). Sub- 
stitution of the equation for the turbulent temperature cross-Eection 
from Section HI-C 

a T(l) = f K4   cos2 <P  * (k) 

into Eq.  (EC-3) gives 

#|EE      Kj . IB C p £$#*i 
**o'       *   j=i  1 = 1 o      o r, + », 

Eq.   (K-lf) 

where    Z, is the height of the "i-th"scatterer above the ground 

(rk,0t)are polar coordinates in the horizontal, ground plane 

N is the total number of observation«; 

Kjis the "j-th" wave number, which contributes in an unspeci- 

fied manner to the incident wave. 

After performing the integrations, it follows that the measurements 
may be represented by the form of the probability distribution: 

Eq. (IX-5) 

The summation of logarithms in general can be written as: 

Ea.  Inbj = In   IKb/M 

Eq.  (K-6) 
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which states that the sum of a set of logarithms of terms la(oj,b()iö 
equal to the logarithm of the product of terms in (bi)a . A reformuia- 
tion of Eq. (IX-5) in these terms leads to the form of the probability- 
distribution of the sonic boom measurements: 

(iKj «.•«•■{& Wh (K-7) 
Equation H-7 shows that the form of the probability distribution 

is logarithmic and consequently a logarithmic transformation of the 
overpressure data would be appropriate for statistical purposes for 
this case. 
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